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1. Introduction 


Slotted-cvlinder antennas now becoming ex- 
> tensively utilized in microwave radiating svstems. 
The great interest in this subject is evidenced by the 
great number of papers on this subject within the 
last decade 1 to 7] In of the previous 
theoretical work, the slot is assumed to be cut on a 
circular or elliptical cy linder of perfect conductivity 
and infinite length The computation of the radia- 
tion patterns is then straightforward, although it ean 
be very tedious even if special summation techniques 
areemploved. Usually it is desirable to program the 
series formula on an electronic calculator if extensive 
numerical data is required [8, 9]. 

Several vears ago one of the authors (J. R. W. 
was asked to consider the effect of covering the slot 
with a dielectric coating such as a fabric. A solution 
was carried out for an infinitely long axial slot on a 
circular cvlinder, which itself was covered by a 
concentric dielectric coating of constant thickness 
(10). It was shown that, if the coating thickness 
approached zero, the pattern approached uniformly 
‘the pattern expected for the uncoated eylinder. It 
was then concluded that, if the slot was covered by a 
lossless dielectric coating of very small thickness, the 
pattern would not be modified to any extent. Some 
related experimental work corroborated this con- 
clusion | 11}. 

It is the purpose of the present paper to pursue this 
matter further. A given for the fields 
produced by an arbitrary slot on a circular cylinder 
which is covered by a concentric dielectric coating. 
Attention is then focused on the special case of an 
* axial where the rather cumbersome formulas 
become less foreboding in appearance. Some numer- 
ical results are presented for the far field in the 
equatorial plane of the slot or in the broadside direc- 
tion from the evlinder. It is then possible to give a 
more quantitative viewpoint of the effect of the 
coating. 

It might be mentioned in passing that the plane 
wave scattering by a dielectric evlinder with a 
metallic core has been considered recently by Adey 
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presented for the fields produced by an arbitrary slot on a circular cylinder 
Expressions for the far-zone fields are developed 
ippropriate integrals USINZ ws iddle-point method. 
of a narrow axial slot for a range of values of evlinder diameters and 


Numerical results are 


here is some evidence that the coating pro- 


increase of over-all amplitude of the 


12}. Some of the numerical results obtained by him 
could have some application to the reciprocal antenna 
problem for the case when the slot is circumferential. 


2. Formal Solution 


The cylinder is taken to have a radius a, and the 
concentric dielectric coating has a radius 6, as indi- 
cated in figure 1. Cylindrical coordinates (p,¢,2) 
are chosen to be coaxial with the cylinder. The 
electrical constants of the coating are e and py and 
those of the homogeneous (air) space outside are € 
The tangential electric fields? on. the 
evlinder are specified, bemg finite over the area of 
the slot and zero elsewhere. Therefore, following 
the suggestion of Silver and Saunders [7], the 
tangential field is written as a combined azimuthal 
Fourier series and axial Fourier integral, such that 


and jo. 


dh >> P,,(hye~ ie 


—_ 
with 


. dz’ dd’ E.(a,o’ ,z")e™ « ime’ = (2) 


(27) 


the slot 
oO; d’ _ Do and 
coordinates. A 
I).(a,o,2) 
),(h). 

In the subsequent equations, the double Fourier 
representation is considered as an operator to sim- 
plify the notation. For example, eq (1) is rewritten, 
operationally 


where is considered to be bounded by 
<2’<2, in terms of the primed 
similar relation holds for the 
component with P,,(h) being replaced by 


E.(a,¢,z)=T P,,(h), (3) 
where the T° signifies the multiplication of P,,(h) by 
exp|—thz—imd@] and then integration with respect to 
h and summation with respect to m. 

In region I, defined by a<p<6, the fields can be 
represented as a superposition of TM (transverse 
magnetic) and TE (transverse electric) modes [13]. 


Ine time factor exp is employed throughout. 








Therefore, the electric and magnetic field components 


are given by 
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where ./, J ,,(up), the Bessel function of the first 
type of order m; where H,,—H®& (up), the Hankel 
function of the second kind of order m; and where 
u (k? h?)* and k: (Eu )?2w. The coefficients Am, 
b.. , = and BB, are independent of Pp, 9, and z, but 


are as yet unknown. 

In region II, defined by p>b, the representation is 
also a superposition of TM and TE modes, but now 
only the Hankel function is needed because it has the 


proper asymptotic behavior for large values of p 
Therefore, 
k= vie, Ef, 10 
, . ° O/T, mh ; 
1D | | inner, Op a P CG, H ] 1] 
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where H,, = HS? (op), Uo = (hk? —h?)'*, and k, ou w 
The coefficients ¢,, and d,, are independent of p, @, 
and 


4) 





The &£, and £, components in region I must redueg 
to the prescribed behavior at p=a, as noted by e 
(1). Furthermore, the /,, £., H, and H, a 
ponents are continuous at p=6. Together these 
conditions lead to six linear equations to determine: 
the six unknown coefficients. Symbolic ally, this 
set Is 


tq rd, Imp, * 


(16 


| where the coefficients with the double suffix are given 


conveniently in table 1 for p from 1 to 6. It is now 
a simple matter to solve for the coefficients in deter- 
minant form. For example: 


0 Pp, 
() 0 0 Q, 
() 
d () () 0) 4 
0) 
(0) () 0 0 
DD 
fa © 
() 0 Oo OO 
0) 
and ¢ () 0 0 () ( 
0) 
() () {) 
dD 
where the dots indicate generally finite factors ob- 
tained from the table. D) is the six by six determi- 


nant of the first six columns in table 1. Expanding 
these determinants leads to explicit, although 
lengthy, expressions for the fields. 


3. Far-Zone Fields 


The resulting integrals in region IT are of the form 


- 


/ ae FF h H1 Uopre . dh, 1s 
where the dependence of the geometrical factors of - 
the coated cylinder and the excitation parameters 
are lumped into F,,(h For large distances from 
the cylinder such that kp>1, the Hankel and 
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exponential functions are rapidly varying so the 
integral can be evaluated by the method of steepest 
descents. The procedure is straightforward [6] if it 
ig remembered that the original contour in the h 
plane must be indented above the branch point at 


h=k and below the branch point at h k. The 
result is 
KR 
[~ ei? __ F_ (keg sin 8), (19) 
ff 
where R= (p*?+ 2°)? and 6=tan '(p/z). 


The far-zone form of the fields in region II are then 
simply obtained by replacing the Fourier operator 
lr by its steepest descent form, such that 


Kk 
’ o« x ’ : ma/2 ime ‘ 
CF’,(h) 2) Pp > F.,(ko sin @)e'™*/2e-™?, (20) 
‘ i“ 
where terms which vary as 1/f?, 1/2’, ete., are 


neglected 


4. Equatorial-Plane Fields 


Even after making the far-zone approximation, 
the expressions for the fields are very cumbersome. 
The situation is simplified somewhat, however, if 
the observer ts in the equatorial plane 0 or @ 
a/2). This case is considered here and, furthermore, 
the slot is considered to be in the form of a narrow 
rectangle with its long side parallel to the cylinder 
axis. The integration, over the slot coordinates, 
indicated by eq (2) then simplifies to 


l a ’ 
P_ (WP, (OV | dz (21 
tra. 
where the center line of the slot is at o=0 and 


V(z2’) is the transverse voltage along the slot. 
The far-field in the equatorial plane is then con- 
venientiy written 


ID 5 V2’ a:’|' Pio 22) 
-T. p 
where the pattern factor is given by 
» 22 ~~ €,, COS moe'”* 
Pi rikh)\( kya) o (hou = 2), 
(7 - ) Hi? (hob) Tn — Hm" (heob) Ly 
with « a 2(m #0) and 
LT’, =JSiAkb)H,, “(ka)\— Sika), (kb), (24) 
L J,(kb)\H,” "(ka\— TST, (ka) H® (kb). (25) 


The prime over Bessel or Hankel function indicates 
a derivative with respect to its argument. As a par- 
tial check on this result it can be seen, if b=a or if 


and kk», that 


€ € 


Po)= Ly; Se, (26) 
kod m= H,, "(keoa) 
which is quite well known [1]. 

The equatorial-plane field is thus proportional to 
the integrated voltage moment along the slot, a 
simple radial factor that represents an outgoing 
spherical wave and a rather complicated azimuth 
factor. The structure of the solution is closely re- 
lated to a two-dimensional (scalar) problem carried 
out previously [10] for an infinite axial slot with a 
uniform transverse voltage, V, throughout its length. 
The radiation field for this problem can be written 


EB, i60¢e.eV ( * gt hop “*/) P(o), 


9 
akop ) 


which has the form of an outgoing cylindrical wave 
with the same azimuthal dependence, P(@), as for 
the finite slot. This two-dimensional counterpart 
is of further interest because it has a well defined 
acoustic analogy. In this instance, Z, is propor- 
tional to the pressure field, in a medium whose wave 
number is ky), emanating from a cylindrical radiator. 
The source is a rigid cylinder except for the narrow 
axial slot where the normal velocity is specified. 
Surrounding this cylinder is a film whose acoustic 
wave number is k& and a density, relative to the outer 
medium, equal to €/€. 

Although the prime purpose, stated in the intro- 
duction, is to evaluate the effect of the dielectric 
coating, it does seem worthwhile for the sake of 
completeness to consider the effect when y/o is 
different from unity. Composite materials can be 
produced whose macroscopic permeability differs 
from unity so the results may be quite significant 
in their own right. 

Keeping in mind the above points, numerical com- 
putations of P(¢) were carried for two sizes of cylin- 
(kya=2 and 3) and for a range of values of 
hob, €/e, and y/yo. Of course, a detailed study of 
the interrelation between these parameters would 
entail a great deal of numerical work. As a compro- 
mise, only a limited number of sets of calculations 
were carried out for the amplitude and phase of 
P(¢) for intervals of @ of 10 degrees, using available 
tables of Bessel functions [14]. Case I refers to the 
of calculations where p/u=—1, (e/e)!=N and 
case II to the set where €/ep5=1, (u/uo)'=M. Setting 
A=hk,a and B=k,b, results were obtained for case I, 
taking 


ders 


set 


A=2.0, N=2.0, with B=2.1, 2.2, 2.3: 
A=2.0, N=1.5,. with B=2.2: and 
A=3.0, N=2.0, with B=3.2 


Corresponding values were obtained for case II with 
M replacing NV. For sake of comparison, the two 
relatively trivial situations, A= B=2.0 and A=B 
3.0, were also considered. 

The numerical results are summarized in tables 
1, 2, and 3 with the appropriate values of A, B, and 
N or M at the head of each column of entries. If 
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further values of P(@) are required at smaller inter- 
vals of ¢, they can be computed directly from the 
following formula 


) 
P(é _ >> dD COS IO» 2S) 
rikwa kb yom 
where D,, is a Fourier coefficient listed in tables 4 and 


6 for values of m up to 10. For the uncoated cylin- 


der, where A=, it is convenient to redefine the 
Fourier representation of P(¢) by 
> l V 
/ © - d COS 711 @) 2Y 
| mo) San 
where d,, is tabulated in table 7 
The amplitude and phase of PP @ re shown 


plotted in figures 2 to 7. The set in 4 


figures 2, a, 
and 2, b, indicate, in a graphic way, the effect of 
varving the thickness of the dielectric coating for a 
fixed value of a. Figures 3, a, and 3, b, show the 
influence of the dielectric constant of the coating 
material and figures 4, a, and 4, b, pertain to a larger 
evlinder It appears from these that the 
only significant change in the resulting 
from the addition of a dielectric coating, is to enhance 
the ripples in the curves. Physically, it may be 
supposed that the radiation from the slot travels 
around the periphery of the evlinder in both direc- 
The coating apparently “traps” 
ripheral surface waves to some extent and conse- 
quently enhances the standing wave pattern. The 
fact that the period of this standing wave pattern 
does not depend essentially on the dielectric constant 


curves 
patter ni, 


tions. these pe- 


would indicate that surface wave is guided, with 
considerable leakage, along or just above the di- 
electric-air interface The only essential effect of 


increasing the size of the evlinder is to increase the 
number of ripples and reduce their magnitude 
somewhat. 

The set of curves in figures 5 to 7 correspond to a 
coating whose permeability relative to free space is 
MP. The pronounced effect of wave trapping by a 
permeable laver is striking. The ripples in the 
pattern are much larger than the corresponding ones 
for the purely dielectric coating. Furthermore, it is 
apparent that the period of the ripples is modified 
by the permeability ratio 1, indicating that the 
trapped peripheral surface waves are largely con- 
fined to within the film. Therefore, their 
velocity is mainly determined by the wave number 


k rather than fp. 


phase 


5. Concluding Remarks 


The analytical expressions developed herein are 
available for any future calculations of patterns of 
slotted evlinder antennas with dielectric coverings. 
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The formulas could probably be programed for 
machine calculators if further numerical data are 
required. The complexity of the numerical pro- 
cedures becomes excessive when the directions are 
not in the equatorial plane. It would seem to be 
desirable to search for an approximation technique 
to supplement this work. At the moment, the 
outlook is optimistic, using techniques based on 
simplified boundary conditions In any event the 
rigorous calculations presented here should provide 
a comparative basis for checking any new upproxi- 
mate formulations. 

On the basis of the limited calculations presented 
here it can be concluded that a thin dielectric film 
would have only a small effect on the radiation 
pattern for an axially slotted evlinder. On the other 
hand, a thin permeable film encasing the evlinder 
would substantially modify the pattern, indicating 
the presence of trapped peripheral surface waves 


We thank R. A. Hurd of the National Research 


Council of Canada for his comments and the verifiea- 
tion of the final formulas in reference 10 
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TABLE 7. Real and imaginary parts of dm 


1=2.0 
B=2.40 
Rea Imaginary 
1. 67622 +). 3109071 
4. 5O102 400130 
1. 44185 3. 28618 
+1. 82162 0. 270204 
+1), OOHZ6HI +. 454036 
Ono >. DOOD 
0 O1S290 
+). OO214 0 
0 +0). OOO2S80) 
0. OOOOS 1 0 
i) 1). CHM 


1=3.0 

R 30 
Real Imaginary 
1. 53852 1. 47332 
2. 54238 3. 53029 
0. 160813 4. 62823 
+4. 33813 2.03120 
+(). 548382 +2. 81856 
SS4408 +-(), 023621 
000506 223038 
O48052 COO 
a + OOv40u 

0. OOLHOS 0 

{ 0. 000245 
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Emission Spectra of Actinium 
William F. Meggers, Mark Fred,' and Frank S. Tomkins ' 


Small samples of actinium, produced by transmuting radium, have been investigated 


Research Paper 


2763 


spectroscopically by photographing the spectra of light emitted by the samples when excited 


a hollow cathode or in ares and sparks between copper or silver electrodes. 


le neths were 


measured, and intensities estima 


in the ral range 2062.00 to 7886.82 A. 


spect 


The wave- 
ted, for some 500 lines characteristic of actinium 
\ comparison of line characteristics in different 


sources permitted sorting into five categories; about 140 lines belong to Ac 1, more than 300 
were ascribed to Ae ur, 8 were definitely assigned to Ac ut, 5 may belong to Ac tv, and about 
SO represent band heads characteristic of AcO, the actinium-monoxide molecule. 

(Analyses of the first three spectra of actinium have revealed their most import: int 
features, including atomic-energy levels, spectral terms, and electron configurations. ca 
ground state of Ae m1 is found to be (7s)2So.u, that of Ae um is (7s?)'No, and that of Ac 1 is 
6d7s?)?D Comparisons of the analogous spectra of the chemical homologs (se alban. 
vttrium, lanthanum, and actinium) show that actinium closely resembles yttrium, except 
that additional terms of odd parity, first found in lanthanum spectra and attributed to the 
if electron, are also found in actinium spectra, where they provide evidence of the presence 
of the 5f eleetron. The binding force on the 4f electron in La 1 is much stronger than on 5f 


in Ae 1 he principal ionization potential 


1. Introduction 


Andre 


discovered a new 
After chemically 


In 1899 
chemical element in pitehblende. 
removing uranium, polonium, and radium he found a 


Debierne [1] 


residue 100,000 times more radioactive than uranium 
in ionizing gases, affecting photographic emulsions, 
and producing fluorescence in barium platino-cya- 
nide; he called the new element actinium [2]. 

After many vears of research in radioactivity it 
has been established that actinium occurs in nature 
only as the daughter of protactinium, which in turn 
results from the decay (emission of 
alpha and beta particles) of the relatively rare isotope 
of uranium, with atomic number 92 and mass 235. 
The atomic number of actinium is 89, and its mass 
is 227. The half life of actinium is only 22 years. 
Through a series of alpha and beta emissions, actin- 
lum forms a succession of highly unstable atoms of 
diminishing mass until it decays to a stable end- 
product, actinium-lead, with mass 207 and atomic 
number 82. 

Because of abundance, high radioactivity, 
and lack of commercial actinium has never 
been concentrated in pure form, and consequently 
relatively little was known about its physical prop- 
erties. In particular, nothing was known about its 
optical spectra until 1937, when W. A. Lub [3] 
examined the spark spectra of lanthanum solutions 
containing 0.05 mg of actinium and published the 
wavelengths of possibly 9 lines of actinium appearing 
among 700 (lanthanum) lines. The wavelengths in 
angstroms (and intensities) of actinium lines re ported 
by Lub were as follows: 4061.58 (4), 4088.37 (5 
£168.40 (5). 4179.98 $), 4359.09 (3 4386.37 (5), 
$413.17 (5 1507.20 (5) and 4812.25 (4). In the 
light of our present knowledge these are indeed the 


spontaneous 


low 


uses, 


¢ th nd , 1 - 
ces a e end ¢ paper, 


of Ac about 12.0 electron volts 


ions Is 


strongest actinium lines in this range of wavelengths, 
but we now know that only 1 of these lines belongs 
to neutral actinium atoms, 7 belong to singly 
ionized atoms, and 1 to doubly charged ions. No 
further information about the spectra of actinium 
was available until 1948, when the first spectrograms 


were made at the Argonne National Laboratory 
(ANL,) with artificial samples of actinium created by 


transmuting radium in a chain-reacting uranium pile. 

In the periodic chart of the atoms, scandium, 
yttrium, lanthanum, and actinium are homologous 
trivalent elements occupying the third place in the 
fourth, fifth, sixth, and seventh periods, respectively. 
After the spectra of scandium [4], yttrium [5], and 
lanthanum [6], had been described and interpreted, 
it seemed desirable to investigate the spectra of the 
only remaining homolog, actinium. In particular, 
the analysis [6] of the spectrum of singly ionized 
lanthanum (La 1) had revealed the presence of elec- 
trons of type 4f in advance of their firm binding in 
heavier elements, and it appeared important to de- 
termine whether type 5f electrons are present in ac- 
tinium in advance of their firm binding in succeed- 
ing elements, especially as there was much interest 
and speculation as to the first appearance and actual 
presence of type 5f electrons in the heavy elements 
(7). For this purpose it would be necessary to observe 
the spectra of actinium throughout a considerable 
range of wavelengths, sav from 2000 to 9000 A, and 
to differentiate between the successive spectra, Ac 1 
of neutral atoms, Ac 1 of singly ionized atoms, and 
Ac ut of doubly ionized atoms. Despite a limited 
range of observation and experimental difficulties on 
account of small samples and many impurities, ade- 
quate data have been obtained for the derivation of 
atomic-energy levels from the analyses of the first 
three spectra of actinium. The purpose of this paper 
is to report the experimental results and the analyti- 
cal interpretations of actinium spectra, and to com- 
pare them with the facts concerning the spectra of 
homologous elements. 
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2. Experimental Procedure 


Because the artificial samples of actinium were 
made at ANL and because facilities for safe handling 
of “hot” materials were there available, all work with 
highly radioactive actinium was confined to that lab- 
oratory. The separation of actinium from radium, 
purification of the former, and loading of light sources 
were expertly performed by French Hagemann, 
whereas the excitation and photography of actinium 
spectra were carried out by Mark Fred and Frank 
Tomkins. The spectrograms were sent to the Na- 
tional Bureau of Standards, where wavelengths, rela- 
tive intensities, spectral stages, and classifications of 
spectral lines were derived from them by W. F. 
Meggers. 

The first milligrams of actinium were made at ANL 
in 1948 for chemical researches, and the first spectro- 
gram was obtained in January 1948 by the copper- 
spark method [8], in which a few micrograms of ac- 
tinium solution were evaporated on the ends of a 
pair of flat-topped copper electrodes and then excited 
in a high-voltage condensed spark. There were no 
standard wavelengths on this spectrogram, but the 
wavelengths of about 70 Ac lines were measured 
(3683.69 to 4337.15 A) relative to copper and im- 
purity lines. 

The next spectrograms of actinium were made in 
February 1951 with a Schiiler-Gollnow type of 
hollow-cathode tube [9], modified by an additional 
ground joint between anode and cathode assemblies 
to avoid unwaxing. The cathode aluminum, 
the anode nickel, the carrier argon, and the cur- 
rent was 100 ma. One milligram of actinium sample 
was put in the bottom of the cathode in the form 
of a 0.03-ml nitrate solution, the hydroxide was pre- 
cipitated by blowing ammonia gas over it, and the 
precipitate was dried under a heat lamp. The ac- 
tinium sample was separated from radium on F — 
ary 24, 1951; it was only 2 davs old when placed 1 
the light source and relatively little actinon was ladies 
evolved. 

The spectrograms were made with a 
Wadsworth spectrograph, holding a 6-in. grating 
with a radius of curvature of 21 ft and 15,000 rules 
perinch. This grating is blazed for 6000 A 
very weak spectra in the first-order ultraviolet. The 
reciprocal dispersion is about 5 A/mm in the first 
order, but the stronger spectral lines were also ob- 
served simultaneously in the third-order 


Was 


vas 


Jarrell-Ash 


and gives 


second- or 


spectra by illuminating separated segments of the 
spectrogr: aph slit, some of which were covered by 
filters to aid in recognizing the different orders. 


Other sections of the slit were exposed to a “blank’ 
similar hollow-cathode lamp without the 
actinium charge; and finally, two portions of the slit 
were reserved for iron spectra to supply W avelength 
The actinium spectrum lasted about 20 
hr in the hollow-cathode lamp, and 7 exposures were 
recorded on Eastman Kokak 103—-F and I-N plates, 
but no actinium lines appeared on the last exposure, 
probably because cathodic sputtering iinally covered 
the sample Because these grating 
showed that manv of the actinium lines had hyper- 


source, a 


standards 


spectrograms 





fine structure, the same hollow-cathode lamp Was 
recharged with 0.89 mg of Ac, and 5 spectrograms 
were made with a Fabry-Perot interferometer to 
resolve the hyperfine structures of the stronger Ae 
lines. Analysis of these interference spectrograms 
vielded the mechanical moment, or spin (J=$A), of 
the 89 Ac” nucleus [10], and preliminary values of 
the magnetic (u=1.1 nm) and electric quadrupole 
moments (( 1.7107" em*) [11]. Additional 
grating spectrograms were then made after krypton 
was substituted for argon as an exciting gas, to permit 
discovery of actinium lines that had been masked by 
argon lines. Unfortunately the actinium spectra 
were very weak in these spectrograms, whereas the 
background was very strong because it contained 
most of the strong lines of argon and xenon, as well 
as krypton. In addition to the complete spectra of 
the exe iting gases and intense spectra of aluminum, 
aluminum oxide, and aluminum hydride, the spectra 
from the hollow-cathode charged with actinium 
showed strong lines of impurities, such as sodium, 
potassium, boron, magnesium, calcium, and lead. 

The above-mentioned grating spectrograms of the 
hollow-cathode source containing actinium were 
7 me nted by two made on Eastman Kodak 
103a—C plates e xpose «i to copper spar ks charged with 
t and 25 ug of actinium, respectively. These gave 
a good description of actinium spectra between 2600 
and 6600 A. 

Two additional copper-spark spectra with 70 yg 
of actinium were photographed on Eastman Kodak 
103-—C (UV) and I-N plates to record lines with 
shorter and longer W avelengths, respectively. The 
results were somewhat disappointing; only lines 
shorter than 2600 A and 8 longer than 6600 A were 
captured. Typical portions of the spectra emitted 
by the hollow-cathode source and by the copper-spark 
source are reproduced in figure 1. When the inten- 
sities of actinium lines appearing in both sources, 


low-excitation hollow cathode and high-excitation 
copper spark, were compared it was easy (lis- 
tinguish the successive spectra of neutral atoms 
Act, of singly ionized atoms Ac mu, and of doubly 
ionized atoms Acin. The intensities of lines 
were much greater in the hollow cathode than in the 
spark, the reverse was true of Ac i lines, and Ae 1m 
lines were tremendously enhaneed in’ the spark. 
After the spectra were sorted with the aid of esti- 


two sources, the neal Wave- 


numbers, 


mated intensities in the 
lengths were converted to vacuum Wave 
ind regularities were sought among latter. A 
constant difference of 2231.4 K was immediately 
found between pairs of Ac 1 lines; it was interpreted 
as the interval between low-energy *D levels arising 
from the 6d/ 7s* thus identified. 
Likewise, the wave numbers of 
Ac 1 lines soon reve v levels that could 


valence electrons 
regularities among 


ale dl low ener”, 


be assigned to electron configurations 6d?, 6d 7s, 
and 7s*, the last giving a 'S, term that represents 
the ground state of Ae* ions. These results for Act 


and Ae w Chicago at 


the 36th anrual meeting of 
America on October 23. 1951. 


were orally presented [12] in 


the Optical Society of 
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Figure 1. Emission 


Upper, ind argon gas; strong 


iluminum hollow cathode containing 1 mg of Ac 
are not. I , 


ywer, Spark spectra of copper and 25 pg Ac 


These analy ses of Ac rand Ac 11 spectra were hand- 
icapped by weak observations in the ultraviolet 
below 3000 A and by the lack of strong spark spectro- 
grams 6600 A Moreover, a strong back- 
ground of argon and aluminum in hollow-cathode 
spectra suggested that some actinium lines might be 
masked, and in the copper-spark spectra 
actinium lines might be hiding behind copper lines. 
In order to eliminate obscuration by this background 
it was suggested that are and spark spectra of actin- 
ium be made, first by loading silver electrodes with 
actinium, and second by loading copper electrodes 
with actinium. In each case, are and spark spectra 
of unloaded electrodes should be juxtaposed so that 
silver and copper lines could be recognized, and then 
actinium lines masked by silver would be revealed 
in the copper spectrograms, and vice versa. Such 
spectrograms with silver and copper electrodes were 
made in February 1955 after a new sample of actin- 
ium became available and a new grating was in- 
stalled in a Paschen-Runge mounting at ANL. 
The grating has a diameter of 8 in. and a radius of 
curvature of 30 ft.; it is ruled with 15,000 lines/in. 
and is blazed to give high intensity at 4000 A. The 
reciprocal dispersion in spectra from this instrument 
is about 1.8 A/mm in the first order. Overlapping 
spectral orders were differentiated by supporting ap- 
propriate gelatine filters in front of the photographic 
plates to absorb portions of the slit images. Because 
this instrument is not stigmatic, slit diaphragms 
could not be used, but a movable mask near the 
photographic plates occulted the lower half for are 
exposures and the upper half for spark exposures. 
Unfortunately, spectra of unloaded electrodes could 


above 


some 


spectra of actinium. 


lines of argon, calcium, and potassium are marked, but aluminum 3944 and 3962 


not be juxtaposed to those with actinium-loaded 
electrodes; the former were photographed on separate 
plates and later compared with the latter to “spot” 
the actinium lines. 

The actinium came partly from the original prep- 
aration and partly as a return of a loan to another 
site; the total weight was 2.7 mg. For loading elec- 
trodes, a solution method with porous electrodes, 
made by briquetting 70 percent of Ag or Cu powder 
with 30 percent of NH,Cl, was developed. The 
NH,Cl was sublimed off at about 300° C, leaving an 
electrode that soaked up solution like blotting paper. 
The electrodes were 1.5 mm in diameter and were 
porous for 0.5 mm from the end. It was necessary 
to add solution to the electrode in increments of 
0.001 ml, which was done with a jig holding the 
electrode and a capillary pipet controlled by a small 
plunger operated by a dial indicator. We are in- 
debted to Ruth Sjoblom of the ANL for assistance 
in the chemical purification and handling of the 
sample. Because it was not considered feasible in 
this case to remove the daughters, which supply the 
penetrating radiation, the electrodes were loaded by 
remote control from behind a 2-in. lead shield. 

Each of the 4 exposures, 2 a-c are and 2 spark, 
consumed approximately % mg of actinium, and 
lasted about | min. The range of wavelengths from 
2000 to 11000 A was covered with four varieties of 
Eastman Kodak spectroscopic plates—103a-F (UV) 
for ultraviolet, 103a-F for near ultraviolet and 
visible, I-N for red and adjacent infrared, and I- 
for longer waves. Because the grating was blaze 
for 4000 A, the spectra were satisfactory between 
2000 and 7000 A, but only 5 actinium lines (7290, 
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7567. 7617. 7866. and 7886 A) of greater wavelength 
were weakly recorded The infrared spectrum was 
sacrificed in order to obtain maximum information 
in the region of most interest. Because the sample 
size was limited, it was felt that there would be a 
net gain over the use of an unblazed grating in the 
number of weak lines revealed. 

The actinium spectra were much stronger on silver 
electrodes than on copper, but most of the lines ap- 
peared on both, and it appears probable that actinium 


4359 
4386 
4397 
L213 





spectra are now well known from 2500 to about 7099 
A. In particular, the comparison of are and spark * 
intensities removed all doubt about sorting the lines 
belonging to Aci, Aci, and Aci, as shown in tabh 
| A few lines with short wavelengths may belong 
Aciv. Typical portions of the are and spark 
spectra emitted by silver electrodes charged wit] 
actinium are reproduced in figures 2 and 3: the 
“spotted lines”’ belong mostly to actinium 

\ major difficulty in arriving 


to 


at a definitive list of 
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actinium lines is to eliminate the impurities. Despite 
careful chemical separation and handling, the ob- 
served spectra of actinium on silver and copper elec- 
trodes showed the stronger lines of sodium, potas- 
sium, calcium, strontium, barium, magnesium, zine, 
aluminum, silicon, iron, chromium, nickel, manga- 
nese, palladium, platinum, lanthanum, radium, and 
lead. The first six named might have been present 
» chemical reagents; chromium, end nickel, 
or palladium and platinum, or aluminum and silicon, 
suggest chemical ware, whereas radium 
and lead are expected 2S decay products of actinium, 
The greatest number of impurity lines were identified 
with iron, and the next greatest with lanthanum. the 
source of which is unknown 

The final data on emission spectra of actinium are 
in which the literal svmbols ac- 
numbers have the following 
d. double: e. 


Iron, 


erosion of 


presented in table 1. 
companving mtensits 
complex: 


meanings : ¢, enhanced at elec- 
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Waves; s, shaded to shorter waves; and B, molecular 
band. The wavelengths in column 1 of table 1 are 
the means of 2 to 13 measurements on different spec- 
trograms, except a few cases where the line was classi- 
fied, although observed only once; other singly ob- 
served lines were omitted because they lacked con- 
firmation. The probable error in any wavelength 
is usually less than 0.01 A; this is shown by consistent 
agreement of different measurements and by the 
close fit of classified lines. Some Ae lines’ have 
hyperfine structure extending over 0.3 A, or more. 
but only mean wavelengths are given for these be- 
cause the hyperfine structures are ignored in spectral- 
term analyses. The analyses and interpretations of 
Aciun, Act, and Act spectra will now be given in 
thus proceeding from the relatively 
simple case of the 1-valence electron, producing 
doublet terms, to the 2-electron spectrum of singlet 
and triplet terms, and finally to the 3-electron spec- 
trum of doublet and quartet multiplicities 
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3. Spectrum of Doubly Ionized Actinium 
(Ac II) 


Among hundreds of actinium lines there were 8 
that clearly comprised a distinctive group; they were 
weakly excited only at 1 electrode of the are, and 
enormously enhanced and hazy Ith the spark These 
lines exhibited the same characteristics as Yun [5] 
and Laws [6] lines; they were naturally assigned to 
Actu. When the vacuum wave numbers of 
Ac ul were subtracted from other the 
differences, 801.0, 3402.9, and 8597.1 occurred twice 
A clue to the correct interpretation of these differ- 
ences was found in the hyperfine structure of two of 
the lines. The two Acur lines, with wavelengths 
2626.44 and 3392.78 A, are narrow doublets with 
equal separation of 1.73 K. This suggested that the 
duplicity from interaction of a penetrating 
electron with the atomic nucleus, and that the num- 
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ber of observed components Is limited by the J-value 
of the former rather than the /-value of the latter 
In other words, these two lines must be interpreted 
as transitions from two excited levels, ip y , Sep- 
arated 8597.1 K, toa common ground level, 7s *So. 
The constant difference, 801.0 K, is then seen to be 
the separation of 7s°Sy, and 6¢7D,.., and the differ- 
ence 3402.9 K is the interval of the 6d?D yo a. term. 
The atomic-energy levels derived from this analy- 
sis of the Ac i spectrum are displaved in table 2 
The known lines of Ac 11 are collected Ink table O. 
When this material on Ac 11 was being assembled 
for publication, attention was directed to a 20-vear- 
old note by R. J. Lang [13], who estimated, from in- 
formation available for Ra mand Th tv spectra, that 
levels of Ae ut cannot 
P and that the two 
will in the 
These estimates 
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are indeed remarkably close to the truth. Lang also 
stated that the 1onization potential will be close to 
20 v, but the present authors were unable to derive 
a value from spectral series 


4. Spectrum of Singly Ionized Actinium 
(Ac 11) 


The second spectrum of actinium, like that of 
lanthanum, is relatively complex; it has strong lines 
with nearly equal intensity on are and spark spectro- 
grams, and many weaker lines with increasing in- 
tensity ratios of spark to arc, indicating higher ex- 
citation potentials. The first group includes tran- 
sitions between low-energy even and odd levels, and 
the second represents transitions between high even 
and high odd levels, or between high odd and il 
second group of very high even levels. Because the 
Zeeman effect has not been investigated in actinium 
spectra, there is no direct way to determine J-values 
from Zeeman components) or term designations 
from magnetic splitting This analysis of the Ae 1 
spectrum is based on wave numbers and intensi- 
ties, on the J selection rule, and on interval and 
intensity rules for spectral terms. 


The lowest energy levels that can arise from s- and 
d-tvpe electrons are identified with even spectral 
terms as follows: 


Elect ron 


configuration Spectral terms 


] ID, °p 


ad ls. 1]). 1G, IP. a9 


All of these have been identified except (d?)'S, which 
is also unknown in the homologous spectra, Se 1, 
Yu,and Law. Which particular electron configura- 
tion or spectral term will have the lowest energy and 
represent the normal state of the atom depends on 
the relative strength of binding of the individual 
electrons. It is very remarkable that each of the 
homologous ions Se*, Y*, and La*, makes a different 
choice: the normal state of Se* is (sd)°D; of Y 
(s*)'S; and of La*, (d@?)°F. It was naturally assumed 
that Ae* would closely resemble its nearest neighbor, 
La*, but the analysis of Ac 1 has shown conclusively 
that the ground state of Ac* is (s*)'S, like that of 
Y*, and the remaining low even terms occur also in 
the same relative order as for Y 

Substitution of a p-electron for an s- or a d-electron 
produces the following (odd) middle terms with 16 
levels: 


Electron 
configuration 


Spectral terms 


des IP? 1D? 1 Fo, spe spe 3F 


Transitions between these odd terms and the low 
even ones account for all the easily excited lines of 
Se* and Y*, but this was not true for La*. It was 
concluded that additional odd terms occur in La* 
on account of the presence of f-type electrons. Thus, 
the substitution of f- for p-type electrons would 
vield the following additional (odd) middle terms 
with 24 levels: 


Electron 
config- Spectral terms 


uration 


All of these terms were found in the La i spectrum, 
and, with the exception of two levels (J=—5, and 6), 
they have also been found in Acu. The major 
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difference between these two that the 
4f-electron is much more tightly bound in La than 
the 5f-electron is in Ac This will be discussed in 
more detail near the end of this paper. In addition 
to the above terms, Ac u has revealed a dozen high 
even levels that probably arise from the electron 
configuration fp, which, in LS notation, produces 
'D.'F.'G and *D,*F,°G 
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The terms that have been identified from line 
intensities and level intervals in the Ac Ir spectrum 


are listed in table }, in which successive columns 


contain electron configurations and limits term 
designations, J values, level values, and intervals 
between levels of complex terms The low even 
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- The levels 7s* a 'So and 7s Ss ¢ 


The middle odd terms from sf and df 


complete. 
electrons are also complete, excepting df 'H; and 


df *H,, for the following reasons: ‘H; has only two 
possibilities of combining with low even levels, so that 
if one is unobserved the level is lost, whereas sH, 
eannot combine with any known even levels for lack 
ef anv with J=5. Fourteen high even levels have 
heen found between 51680 and 65392; the first two 
are interpreted as 7s(7D)8s 3S and 'S, respectively; 
the remainder fall into four groups typical of fp in 
j coupling 

‘So are the first two 
members of a series in which one of the 7s electrons 
acquires successively larger principal quantum num- 
This series may be represented by a Rydberg 


spectra show that the Rydberg denominator x* 
changes by more than one unit between the first 
and second members of this series. In Raw, 
Rasmussen [14] found n* be 1.055, and if we 
assume it is the same in Ac 1, the series limit is at 
97300 K, and the principal ionization potential of 
Ac* is about 12.0 ev. This may be compared with 
11.5+0.4 ev obtained by Finkelnburg and Humbach 
[15] by their method of triple extrapolation. 
Available data for the classified lines characteristic 
of singly ionized actinium atoms are presented in 
table 5, successive columns of which contain meas- 
ured wavelengths, estimated intensities in the silver 
spark, vacuum wave numbers, and term combina- 
tions. Although table 5 contains only 76 percent of 


to 


all Ae 1m lines in table 1, 
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ionization potential of 12.2 ev. However, other 
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5. Spectrum of Neutral Actinium (Ac 1) 


Lacking Zeeman data that identify atomic-energ\ 





levels, the only way to find such levels in the Ae 1 
spectrum was to search wave numbers for constant 
differences Such a search among selected strong 
lines promptly revealed a difference of 2231.43 K, 
which was interpreted as the interval between ?D 
levels arising from ds*, and representing the ground 
term. This is in perfect agreement with the homol- 
ogous spectra, Se 1, Yor, and Lad, all of which have 
ds*)?D as ground term 

In each case, the next lowest energy belongs to a 
quartet-F term arising from d?s, and the analogous 
F term in Ae 1 was located between 9217 and 12078. 
much higher than in Las, but approximately in the 
same position asin Yr. The same d*s configuration 
also produces higher even terms, viz, *P,*S, ?P, ?D, 
F.*G, but these are too high to be detected in Ae 1 
without more red or infrared data. This analysis of 
Ac 1 was extended by using Y rasa guide. The low- 
est odd term in Y 1 is (s*p)*?P°, which is even lower 
than (d’s)*F. A similar case was found in Lut, and 
Klinkenberg [16] was able to evaluate this ?P° term 
with the help of two infrared lines. Lacking infra- 
red data for Ac 1 this ?P° term cannot be established, 
but many of the other odd terms arising from dsp 
and one from d?p could be identified by comparison 
with Y 1. The known energy levels derived from this 
analysis of the Ac 1 spectrum are presented in table 6 
with electron configurations and limits), term desig- 
hations, J-values, energy levels, and intervals in suc- 


cessive columns. No evidence for terms arising from 
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2! 9863. 59 | 1949 43 
316 10906, 02 172 OF 
oa: ae 2. 05 
{ 12078. 07 ; 
7s?(a '8)7p 2P 0) ? 
|! ? 
6d 7s(a3D)7} ‘F° I*y 13712. 90 1227. 82 
») 1 FA ] L940. 7 ? 9743 ‘ - 
31 17683. 8) 2743. 15 
{ » 
6d 7s(a?D)Tp D |! 17736. 26 214. 45 
2 17950. 71 - - 
tw 78 a I) ip ‘[) 0 17199. 7] 1812 rh 
| 19012. 46 9193" 4) 
9) 21195. 8? > oye 
2 IIE GQ 2280. O07 
0° 239410, FAA 
6d 7s(a3D)7p| = 4P° | O% | 22401.52 | aug ze 
\! 22801. 10 | sno" ~ 
21 23898. 86 L097. «6 
tw 78 a 1) ip ] 2! 23916. 84 1052 16 
31, 24969. 30 — 
tl 78 a i) ip j 2—D 1's PHOG6 O4 167 12 
9! 26533. 16 65 Necien 
6d 7s(a*D ip 2p 0 25729. 03 9 
1 27009. 84 1280, S81 
6d 7s(aiD 7p 2k 2). IBSS6, 20 1732. 20 
3). 28568. 40 oe 
(iwi 7s a'ip ip 2p ()! ? 
l SO396. 61 
6d2(a3F)7p G 2', 31494. 68 724. 94 
3's 32219. 62 647, ey 
$1, 32867. 39 - 1 37 
5l, 33429. 76 OOL. ds 
ti? (a 3F)Tp |! 31800. 34 
2\; 32495, 67 
L's 32918. 40 
|! 33673. 66 
36 33756. 43 
3!4 34360. 25 
2's 34658. 47 
}! 34788. 12 
}! 35870. 00 


configurations including a 5f electron, nor for high 
even (third set) terms could be found in the avail- 
able list of Ac 1 lines. Such terms were found in La 1 
[6] because that spectrum was fully observed from 
2600 to 11000 A, whereas the observations of Ac 1 
are confined to about half that range. Because the 
first ionization potential of Ac is not obtainable from 
spectral series at this time, we must accept the value 
6.89 +0.6 v derived by Finkelnburg and Humbach 
15] by their method of triple extrapolation. 


309 





with an electrodeless quartz lamp containing metal. 
halide [17] because it is now known that such lamps, 
when excited by ultrahigh frequency, strongly fayoy 
the emission of the first spectra. It was possible to 
classify 85 Act lines as shown in table 7. Although 
table 7 contains only 62 percent of the total number 
of Act lines, it includes 88 percent of the total ob. 
served Intensity. 


The strength of Aew lines in the hollow cathode. 
and especially in the arc, indicates that actinium has 
a relatively low ionization potential (probably be- 
tween 6 and 7 v), and accounts for the reduced inten- 
sity of Acrin the sources. Barely 140 Act lines were 
observed between 2968 and 6691 A, and only two 
with greater wavelength (7290 and 7866 A 

If another sample of actinium becomes available 
it will be possible to extend the observation of Act 


TABLE 7. (1 


SSi fle ! lines of lc! 





W ave 


W ave- Intensity Wave Term combination Wave- Intensity Term combination 
length number length number 
| A 1 A 
2968. 82 5 33673. 6 a?D 36 1396. 71 100 22737. 89 a F 
3036. 93 10 52918. 4 a?D 329 1402. 11 100 22710. 00 a 3472 
3076. 44 30 32495. 66 a?Dp 524} 
3082. 96 2 32427. 0 a?Dp 346 $417. 26 30 22632. 12 a 324 
S111. 57 50 32128. 80 a?Dp 343 $426. 85 15 22583. OS a 318 
$462. 73 100 22401. 52 a ‘Ph 
3143. 71 100 31800. 3 a 31S $471. 8] SO 22356. 03 a ‘G 
3171. 17 150 31524. 98 a 537 1486. 63 20 22282. 19 a 343 
3174. 23 20 31494. 65 a ‘(| 
3179. 52 3 31442. 19 a 36 1487. 60 10) 22277. 38 a ‘G 
3257. 77 } 30687. 00 a 329 $552. 18 100 21961. 34 a ‘Ch: 
$557. 28 15 21936. 76 a 318 
S288. 90 15 30396. 55 a P 1610. 10 100 21685. 43 a F 
3303. 28 20 30264, 22 a 324 1611. 59 | 21678. 42 a 337 
380. 96 10 29568, 91 a s 1S; 
3416. 29 15 29263. 29 a 1(; 1613. 93 300 21667. 43 a 2 4p 
5549. 47 ) 28165. 17 a P 1621. 69 60 21631. 05 a G5 
1682. 16 100 21351. 69 a G 
3701. 30 80 27009. 85 a ,?P 1690, 52 60 21313. 63 a 'G 
3725. 22 } 26836, 22 a /?F 1705. 78 200 21244. 51 a ‘D 
3767. 80 30 26533. 15 a “2D 
3795. 86 10 26337. 01 a /2F 1716. 58 500 21195. 87 a D 
i835. 32 100 26066. 05 a /2D 1808. 8] 10 20789. 35 a 1G 
1855. 68 8] POSSS. BS a (Cy 
ISS5. 56 100 25729. 03 a?D /?P 1860. 16 150 20569. 71 a ‘Pp 
5929. 52 5 25441. 20 a ‘ik 465 {868. 87 1) 20532. 91 a P 
1004. 64 2) 24963. 9S 1 iF 346 
1031. 95 1) 24794. 90 a 4k 346 1963. 48 10 20141. 53 a Gy 
1034. 63 200 24778. 42 D P 5258. 24 00 19012. 48 ‘Dp 
5271. 56 150 IS964. 44 a ‘DPD 
1063. 10 200 24604. 80 a?2D 2] 5344. 74 100 IS704. 78 k 
1081. O04 5 24496. 64 a 4} 343 5569. 26 200) 17950. 72 ! D 
1087. 76 20 24456. 38 if 36 
$113. 77 80 24301. 75 D D 5618. 77 1) 17792. 55 a /?P 
$179. 98 1000 23916. 82 D | 5636. 60 100 17736. 27 D 
5660. 19 10 17662. 35 7] 
$183. 12 S00 23898, 87 a2) ip 5674. 15 SO 17618. 90 i27F 
$184. 17 6 23892. 87 ‘] 537 5812. 44 0) 17199. 71 'D 
1186. O5 15 23882. 14 a 4} 475 
1194. 40 100) 25854. 60 a2Dp D 5830. 55 10 17146. 29 ( y?P 
1198. 72 30 23810. 07 ‘| 6 5957. 47 10 16781. 00 a ‘D 
6170. 18 5 16202. 50 a 4°-D 
1201. 92 30 23791. 94 1 iF, SSNS 6275. 67 10 15930. 15 F 
1208. 9] 50 23752. 43 ‘} 346 6359. 86 100 15719. 27 ( D 
1218. OV 50 23701. 13 ‘] 529 
$262. 42 10 23454. 25 '] 543 6447. 8? 10 15504. &3 ! D 
$294, 62 10 23278. 40 +} S24 6469. 68 50 15452. 44 ] 
6618. 19 10 15105. 70 a | 
1336. 27 20) 23054. 81 | 329 6691. 27 200 14940. 72 a i} 
1375. 07 20 22850. 36 ‘} 537 7290. 40 1:00 13712. 90 '} 
1384. 53 00 22801. 06 D ip 7866. 10 200 12709. 28 '} 
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6. A Comparison of Homologous Spectra of 


Now 


spect ra 


that 
of 


Sc, Y, La, and Ac 


the main 
scandium, 


features 
yttrium, 


three 
and 


of the first 
lanthanum, 


actinium are known, a detailed comparison of the 
homologous spectra may be of interest in connection 


with atomic structure and electron binding. 
is facilitated 


comparison 
Beginning with the one-electron spectra (Ser, 
Ill, Lalit, and Aci of doubly-ionized homologous 


atoms, the terms, 


table 8, . 
relative strength of binding of s, p, and d 


by It 


levels and intervals are 
and shown graphically in figure 4. 


Such a 
ables and graphs. 


given in 
The 


electrons 


in these four 1ons Is seen to be quite different; the d 


Design 





TABLE & Level 


Sc iil 
0.0 
197. 5 


112254. 2 
112299. 2 


114863. 8 


Ded j 
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Yuu 
0. 0 
197. 5 
724.8 
7466, 2 
1401 
$73. 7 
Ye) 
R*378 * 
15. 0 
S577. | 


ol 


spect 


and actit LL 


31] 


s and inter 


electron is tightly bound in the first three, but in the 
fourth the s electron is preferred. In Ae 111 the 5f 
electron is more firmly bound than 7p; in La m1 the 
4f term is probably even lower but has not been 
located, 

The levels and intervals of 2-electron spectra (Se 
i, Yu, Lau, and Aci) are collected in table 9, 
but the data for high even levels (third set) are 
omitted for brevity. Figure 5 shows the relative 
positions of the low (even) levels of four homologous 
spectra; it makes obvious the remarkable differences 
in binding of s and d electrons and proves that for 
these levels the similarity of Acu and Y 11 is greater 
than for any other pair. The stability is greatest 
for s*?, and decreases progressively for sd, and d?. 


ais in homologous spectra 
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ENERGY LEVELS IN HOMOLOGOUS SPECTRA 


Ficure 5 Ene gy levels derived from the 
scandium, yttrium, lanthanum, and actinium. 


second spectra of 


Ordinates in K 








No plot of the odd levels from sp, dp, sf, and df is 
given, but a study of table 9 shows that the 4 levels 
identified with sp in Act average about 8000 K 
smaller than the corresponding levels in Lat, 
whereas 10 levels associated with dp average about 
7000 K greater than the analogous levels in La u. 
The most spectacular difference between these spectra 
appears in the levels assigned to sf and df configura- 
tions; in Ac u the 4 sf levels average about 17000 K 
higher than the analogous levels in La u, and the 
18 df levels average nearly 26000 K higher. This is 
perhaps the most interesting result of these investiga- 
tions of actinium spectra; it proves that the 5f 
electron is loosely bound in actinium compared with 
the binding of the 4f electron in lanthanum. It will 
be interesting to see how the 5f electron is bound in 
thorium and protactinium. In fact, the 5f electron 
has already been detected in several spectra of 
thorium; in Th tv it represents the ground state 
according to Klinkenberg and Lang [18], in Thur 
configurations containing the 5f electron give a level 
that is only 809.9 K above the ground state [19], in 
Thi the configurations including the 5f electron 
are 4490.3 K higher than those without [20], and in 
Thr the configurations with 5f electron are still 
unknown. 


The principal levels and intervals of 3-electron 
spectra (Ser, Yu, Las, and Act) are collected in 
table 10. Beeause the data for Act are deficient 

TABLE 9 Levels and inte 

Electrons Terms Seu Interval Yu 
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ENERGY LEVELS IN HOMOLOGOUS SPECTRA 


derived fyi the first spectra of 


lanthanum, 


eves om 


FiGuRE 6 Ene 


scandium sttrium., and actinium 


Ordinate In iN 

compared with the others, table 10 is abbreviated to 
include primarily the identified terms of Ac 1 and 
show how the resemblance of Act and Y 1 
served as a guide for such identifications. 

In figure 6 some low even terms in four comparable 
spectra are plotted; it shows the impossibility of find- 
ing the missing (d*s)*F,*P terms in Ae t without in- 
frared data 


close 


8 spectra 


Interval Lad Interval \e ul Interval 
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Act raBLe 9. Levels and intervals in homologous spectra—Continued 
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Thermal Design of Large Storage Vessels for 


| Liquid Hydrogen and Helium ' 


Russell B. Scott 


Principles of insulating vessels for the storage and transportation of liqueried gases are 


discussed 


The use of shields cooled by the vapor leaving the liquid being stored is analyzed, 


and formulas, graphs, and tables are presented for the convenience of the designer of large 


vessels for storing and transporting liquid hydrogen and liquid helium. 


An analysis is 


given of the use of escaping vapor to intercept heat entering by conduction through solid 


supporting members 


possible in the design of such vessels 


l. Introduction 


The current expansion in large-scale production 
of liquid hydrogen and helium has increased the 
importance of efficient storage and transport vessels 
for these expensive liquids. Published information 
on the design of low-loss containers includes descrip- 
of small laboratory vessels de- 
signed for storage of liquid helium. ‘These, of course, 
are suitable also for storing liquid hydrogen. Some 
large, rugged, transportable liquid-hydrogen vessels 
have been constructed but have not yet been de- 
scribed in the open literature. It is the purpose of 
this paper to discuss some of the general principles 
relating to the thermal design of low-loss vessels and 
to present analyses of methods that can be used to 
improve the performance of an insulated vessel by 
utilizing the refrigerative effect of the escaping vapor. 
The material presented will relate specifically to the 
design of large vessels for liquid hydrogen and helium, 
although the principles used can be employed in the 
design of vessels for other liquefied LAases. 

The invention of the vacuum-insulated vessel for 
liquefied gases by James Dewar in 1892 was a break- 
through in the field of thermal insulation that has 
not vet been matched by further developments. All 
of the advances since Dewar’s time have been im- 
provements on Dewar’s original concept, usually 
means of reducing radiant-heat transfer by attaining 
surfaces of higher reflectivity or by interposing shields 
that reflect or intercept the radiant energy. The 
Dewar vessel is illustrated in figure 1. At its best, 
the vacuum is so good that heat transfer by residual 
gas is almost negligible. Accordingly, the designer 
is mainly concerned with reducing the heat trans- 
ferred by mechanical supports or conveyed across the 
insulating vacuum by radiation. The heat  trans- 
ferred by the supports is a problem involving the 
mechanical strength required for a specific applica- 
tion and has no general solution. If there is no 
restriction on the dimensions of the vessel, the heat 
conducted through the supports can usually be made 
quite small simply by using supports of low thermal 
conductivity and making their lengths great enough. 


tions [1,2,3,4,5,6] * 
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The evidence presented indicates that substantial improvements are 


Even in restricted space the clever designer can 
usually find a way to provide a long thermal path 
through the solid supports. On the other hand, the 
heat transferred by radiation is little affected by the 
thickness of the insulating space. However, this 
latter mode of heat transfer can be reduced by inter- 
posing thermal shields between the warm and cold 
surfaces of the vessel. The shield is an opaque, 
highly reflecting surface, geometrically similar to the 
surface of the liquid container and suspended with 
the minimum of thermal contact approximately mid- 
way between the inner and outer walls of the vacuum 
space. If the shield has the same reflectivity as that 
of the boundary walls and contains no openings or 
irregularities, the radiant-heat transfer will be re- 
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Figure 1. Metal Dewar vessel. 
Commercial vessels of this type usually are mounted in an outer protective 

shell of sheet ste¢ 








shields will 


duced by about one-half. Additional 
radiation 


further reduce the heat transferred by 
However, the design of mechanical supports, which 
will hold the shields in place without providing objec- 
tionable heat formidable task as 
the number of shields is increased. Also, openings 
and irregularities that are needed to accommodate 
the piping and supports for the inner containet 
greatly reduce the effectiveness of this type of 
multiple shielding. 


leaks, becomes il 


2. Evacuated-Powder Insulation 


Fortunately, a method has been discovered that 
does not complicate the mechanical design and vet 
provides a barrier to thermal radiation comparable 
with multiple shields. This method consists of filling 
the insulating vacuum space with a fine light powder, 
such as perlite, sil ca-aerogel, carbon black, or di- 
atomaceous earth. If the thickness of the insulating 
space is sufficient, filling with powder will greatly 
reduce the radiant-heat transfer Moreover, the 
vacuum requirement is quite modest; the minimum 
heat transfer is very closely approached when the 
interstitial gas pressure is reduced to 10 4 of mercurs 
inan insulating powder (e. g., perlite or silica-aerogel 
with one boundary at room temperature, 300° K, 
and the other at the temperature of liquid nitrogen, 
77° K. A laver of evacuated powder several centi- 
meters thick will effectively stop radiation and vet 
not provide an objectionable amount of thermal 
conduction through the touching particles of powder 
When the space between the walls must be small, of 
the order of 1 em, the thermal conduction through 
the powder is objectionable, so in this case the most 
effective insulation is a high vacuum bounded by 
highly reflecting walls. Because the principal funce- 
tion of the powder is to stop radiation, it is useful 
only when radiation constitutes an important heat 
leak. If an insulating vacuum is bounded by highly 
reflecting surfaces, such as clean annealed copper, 
silver, or aluminum, and the surfaces are at 77° and 
20° K, respectively, adding powder may actually in- 
crease the heat transfer by providing paths of solid 
conduction. The radiant-heat transfer between the 
surfaces at these temperatures Is so small that its 
elimination by adding powder is of little 
quence. Radiation from a surface at 77° K is only 
about 0.004 of that from an identical surface at 300 
K, because it is proportional to the fourth power of 
the absolute temperature Of course the thickness 
of the insulating space must be considered in such a 
comparison. It is probably more correct to say 
that for boundaries at 77° and 20° K a rather large 
thickness of powder would be required to compete 
with high-vacuum insulation. 

It appears then that evacuated-powder insulation 
is verv desirable if the warm boundary is at ordi- 
nary room temperature and the insulating space is 
thick enough (10 em or more) so that solid condue- 
‘tion through the powder is not serious 

Of course, evacuated-powder insulation is not new 
It has been used for many vears in large industrial 
containers for liquid oxvgen and liquid nitrogen. It 
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is particularly suitable for large containers Now 
that liquid hydrogen is being stored and transported 
inh large quantities, evacuated powder uppears at- 
tractive as the insulation to use in large liquid. 
hvdrogen Evacuated 
used in conjunction with a liquid-nitrogen-cooled 
shield for some vessels holding 750 liters of liquid 
hvdrogen, and there are now under construction some 
liquid-hvdrogen vessels of 6,000-liter capacity that 
utilize only powder insulation (no refrigerated shield 


powder has beep 


V essels. 


3. Dependence of the Rate of Evaporation 
Upon the Size and Shape of the Vessel 


It is quite easy to formulate for liquefied-gas con. 
ta2iners some general relationships between the size 
end shape of the vessel and the rate of evaporation of 
the liquid it contains First, because the heat leak 
container 
the most favorable shape is the sphere 
volume to. surface The 
sphere wivantages of mechanical 
streneth but in laree sizes it expensive to 
The next most favorable common shape 


into the increases as the surface area 
Increases, 
the greatest ratio of 
nlso has SOoTne 
mav be 
fabricate 
is the square cy linder in which the length equals the 
diameter. The practical approach to this shape is 
the evlinder with standard commercial dished Ol 
This design has good mechanical 


fabricated. It is stronger 


elliptical heads 
strength and is readily 
and has a somewhat larger ratio of volume to surface 
than the evlinder with the flat ends. However, in 
manv cases, particularly vessels that are to be trans 
ported by rail or highway, the maximum diameter is 
fixed 

Thus most of the designs for large insulated tanks 
for storing and transporting liquefied gases can be 
assigned to two categories: (1) fixed shape and (2 
fixed diameter It is of interest to see how the per- 
formance of such containers varies with the size of 
the vessel The contamer for 
liquefied gas is commonly given as the fraction (01 
that evaporates im 


effectiveness of a 
percent) of the total contents 
l day. 

3.1. Vacuum-Insulated Vessels 


For vacuum-insulated containers of fixed shape, 
that is, containers of geometric similarity but of dif- 
ferent sizes, the heat leak by radiation and residual- 
gas conduction is proportional to the surface area of 
the inner container, that is, proportional to L?, where 
/. is a linear dimension of the container. The heat 
leak through the supports is also proportional to L*, 
because the supports will have a length proportional 
to the linear dimension and a total cross-sectional 
area proportional to the volume (and weight) of 
the inner container. Then the total rate of heat leak 
Is 

W=CL?=C,V 
where (, is a constant and V is the volume of the 
inner container. The fractional rate of evaporation 
Is 
W CV C, 
LpV LpV L.pV 
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where L, is the heat of vaporization of the liquid 
and p its density. 


3.2. Vessels With Porous Insulation 


For containers insulated with porous materials, 
e. g., evacuated powders, the situation is somewhat 
different because, for similar geometry, the thick- 
ness, and therefore the effectiveness of the insulation, 
7” proportional to the linear dimension of the con- 
tainer. The relation between the size and_ the 
performance of such vessels is not simple unless the 
heat conducted by the supports can be neglected. 
In this case the total heat leak is proportional to 
the linear dimension, so the fractional evaporation 
is proportional to | Ver, Thus it is seen that for 
vessels utilizing this type of insulation, large size is 
even more advantageous than it is for high-vacuum- 
insulated vessels. 


3.3. Vessels of Fixed Diameter and Different Lengths 


The case of the container for rail or road trans- 
portation, in which the maximum diameter cannot 
exceed a certain value but the length may be varied, 
can be conveniently analyzed on the assumption that 
the ends are spherical, so its shortest length and 
minimum volume are those of a sphere having the 
permitted diameter. In_ this the thickness 
of the insulation is greatly restricted, so it will be 
assumed that the thickness is constant. This 
means that the heat leak through the insulation 
will be proportional to the surface area both for 
high-vacuum insulation and for porous insulation. 
It should be emphasized that this does not imply 
that the effectiveness of the various insulations is the 
same. It only means that in this circumstance 
the heat leak for unit area is constant for a given 
type of insulation and is not a function of the total 
area. Then, if we again ignore the heat leak through 
the supports, 


case 


W=C [4ar?4+-2ar(L—2r)], 


where Cis a constant, r is the maximum permissible 


radius, and ZL the length of the container. The 
fractional evaporation is 

W 2CL 

L.pV L,pr(L—3r) 


As one would expect, the fractional evaporation 
changes very little with length, decreasing by only 
one-third when the length of the container is changed 
from 2r to infinity. . 


3.4. Comparison of Evaporation Rate Versus Size for 
Different Vessels 


Figure 2 shows graphically how the fractional 
rate of evaporation depends upon the volume of 
the container for the three conditions just discussed. 
It should be pointed out that the three curves should 
be compared with each other in regard to trend, 
hot in regard to magnitude. The actual rates of 
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Dependence of the evaporation rate upon the size 
of the vessel. 


FIGURE 2. 


A, Vessels of fixed diameter and various lengths; B, high-vacuum-insulated 
containers or containers having constant insulating thickness and similar geom 
etry; C, powder-insulated vessels of similar geometry throughout, including a 
constant ratio of insulating thickness to the other linear dimensions of the vessel. 


evaporation can be determined only by computing 
the heat leaks for the particular msulation being 
used. 


3.5. Convenient Formula for Porous Insulation 


A good approximation for the heat transfer 
through a porous insulation of constant thickness 
in a vessel of conservative shape is given by 


T;) 
XvA\Ap, 


where & is the mean effective thermal conductivity 
between the tempertaure 7, and 7}, 7; is the tem- 
perature of the outer surface, 7; is the temperature 
of the inner surface, A,; and A, are the areas of the 
inner and outer surfaces respectively, and ¢ is the 
thickness of the insulation. This formula is exact 
for concentric spheres. For cylinders with spherical, 
dished, or elliptical heads it has been estimated that 
the formula will give results within 5 percent if the 
thickness of the insulating space is not more than 50 
percent of the radius of the cylinder. It is cor- 
respondingly reliable for other shapes in which the 
thickness of the insulation is a small fraction of the 
minor perimeter of the vessel. In reporting values 
of the thermal properties of insulators, the mean 
effective thermal conductivity is often given between 
commonly encountered temperatures. If the avail- 
able data are presented in the more general form 
of instantaneous conductivities as a function of 
temperature, the mean effective thermal conductivity 
can be obtained from the relation 


F-. | | ki | T,—T,), 


where k is the thermal conductivity at temperature 

T. Ifk isa linear function of 7, & is the arithmetic 
. . ry ‘yy 

mean conductivity between 7; and 7%. 
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CHARCOAL LIQUID HELIUM 
ADSORBENT — OR HYDROGEN 
Fiat RE 3. Simplified cross section of a De war vessel u ith a 


liquid-nitrogen-cooled shield. 


4. Shield Cooled With Liquid Nitrogen 


The vessels described in references [1] to 6] use 
liquid nitrogen to reduce the rate at which heat 
reaches the liquid helium or hydrogen being stored. 
In some cases the Dewar is simply immersed in liquid 
nitrogen contained in a larger vessel. Other designs 
are of unit construction, like that shown in figure 3, 
in which there is a liquid-nitrogen-cooled shield sus- 
pended in the vacuum between the inner container 
and the warm wall. Most of the heat entering from 
the exterior is absorbed by the relatively inexpensive 
liquid nitrogen. This design is the most effective 
yet produced and is the most practical for storing 
small quantities of liquid hydrogen and _ helium. 
However, as the size of the vessel increases, the frac- 
tional evaporation rate without the shield decreases, 
and eventually a point is reached at which the extra 
initial cost of the liquid-nitrogen-cooled shield and 
the cost and bother of supplying liquid nitrogen are 
not worth the extra saving of the liquid being stored. 
This change-over point depends on the relative costs 
and heats of vaporization of liquid nitrogen and the 
liquid being stored. 


5. Vapor-Refrigerated Shields 


in- 
a temperature very neat 
the liquid being stored. 
a source of refrigeration 


The vapor leaving the inner container of an 
sulated vessel is normally at 
the boiling temperature of 
This cold vapor constitutes 


that can be used to absorb some of the heat leaking 
into the vessel. In most vessels some of this refriger. 
ation is utilized more or less accidentally in absorb. 
ing some of the heat which flows by solid thermal 
conduction down the vent pipe. An analysis of this 
process will be given later. 

A way to make good use of the refrigeration ayail- 
able in the escaping vapor is to have it cool a shield 
suspended between the inner liquid container and 
the outer warm wall of the vessel. This device can 
be applied to high-vacuum-insulated vessels, as wel] 
as vessels utilizing evacuated-powder insulation. The 
openings in the shield required to admit piping and 
supports or reentrant irregularities that may be pro- 
duced by attaching piping to one side of a shield will 
have little effect when powder insulation is used. 
but when the shield is in an empty space these open- 
ings and irregularities may somewhat reduce the 
effective over-all reflectivity of the shield. More- 
over, in a vessel having sufficie . room betwee the 
walls to accommodate a shield, the insulation thick- 
ness may be great enough to 2 hen a sulutandial im- 
provement when powder is used. Because of the 
simpler construction and the fact that the ideal is 
more nearly approached, it is believed that the vapor- 
cooled shield is more aptly applied to a vessel with 
evacuated-powder insulation. 

Some commercial powder-insulated vessels make 
partial use of the cold escaping vapor by having it 
flow through several turns of pipe that lie between 
the inner and outer walls. It is believed, however, 
that the available refrigeration can be used more 
effectively if is made to cool a shield located at 
the optimum position between the inner and outer 
walls of the insulating space. 

The following analysis presents the general method 
of determining the optimum location of a Vapor- 
cooled shield and the expected cain in performance. 
The results are applied to the specific case of spherical 
containers for liquid hydrogen and helium with evae- 
uated perlite insulation. 

With evacuated-powder insulation filling the entire 
insulating space, the rate at which heat reaches the 
liquid is 
tak rr T,—T 


re—?; 


Wi = 


mL ° l 


where fk; is the mean thermal conductivity of the 
powder in the temperature range T, to 7, r, 1s the 
radius of the liquid container, 7; is the radius of the 
vapor-cooled shield, m is the mass rate of evapora- 
tion, and L, is the heat of vaporization of unit mass 
of the liquid. 
The rate at which heat reaches the shield is 

va) 


Arkorw(T3—T, mL 


T'3 I's 


W, mAh, (2 


where r; is the radius of the outer boundary of the 
insulation, /, is the mean thermal conductivity of the 
powder in the temperature range 7, to 7;, and Ah 
is the change of specific enthalpy of the vapor as it 
is warmed from 7; to 7). 
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Let r3=ar, and 7 br,, then 
a h | I: L Ah 7; Zz») . 
a h / L or fy q 
From (1) a h — | 
tr) h | > 4 \o 


Because 6 is a function of a and g only, and g and k 
are functions of 7, only, m/r; is a function of a and 
T, only. 

‘For each value of a there is an optimum value of 
T, and a corresponding optimum value of 6, which 
will make m/r; & minimum. Because, for a given 
insulation, &;, &2, and g depend only upon the proper- 
ties of the liquid and vapor, the fixed boundary 
temperatures T; and 7,, and the variable tempera- 
ture 7>, we can compute values of g for a series of 
temperatures 7, in the range 7\~ 7, T, and use 
these q’s for all subsequent computations dealing 
with the particular liquid being stored. 

Then, for a given value of a, values of m/r; can 
be computed and the minimum can be determined 
by graphical means. By plotting m/r; versus the 
position of the shield, (6—1)/(a—1), the location of 
the minimum will also yield the optimum value 
of 6, the important design parameter. It will be 
noted also that for this vessel the rate of evaporation 
is proportional to the first power of the radius or to 
(volume)' if heat conduction through supports is 
neglected. Thus this design offers the same premium 


for large size as that shown in curve C of figure 2. 


5.1. Liquid-Hydrogen Containers 


A series of computations was made for values of a 
ranging from 1.05 to 1.5 for a vessel containing 
liquid parahvdrogen with evacuated-perlite insula- 
The thermal conductivity ol perlite is shown 
curve based on two determinations 


tion. 
in figure 4, a 


pw/omeK 





CONDUCTIVITY, 


THERMAL 


- 





NBS, one giving the mean effective con- 
ductivity between 304° and 76° K, the other the 
mean conductivity between 76° and 20° K. These 
data are admittedly not as complete as they should 
be for the purpose at hand, but they will serve to 
demonstrate the usefulness of the vapor-cooled shield 
in this application. Errors arising from the linear 
interpolation used in figure 4 are not expected to 
exceed 20 percent. Additional measurements of the 
thermal conductivities of powders as functions of 
temperature are in progress at NBS. The values of 
Ah were taken from the paper of Wooley, et al. [7]. 

Figure 5 shows the results of a representative 
computation for a liquid-hydrogen container. It is 
seen that at the optimum position of the shield, 
about 35 percent of the distance from the cold wall 
to the warm wall, the shielded vessel will have an 
evaporation rate of about 38 percent of the un- 
shielded vessel. It is seen that the optimum location 
of the shield is not critical; the curve of m/m* has a 
very flat minimum. It was found that the effective- 
ness of the shield, m/m*, at its optimum location is 
practically the same for values of @ ranging from 
1.05 to 1.5. 

It will be noted that the shield is somewhat 
warmer than liquid nitrogen. The rate of evapora- 
tion will be lower if a liquid-nitrogen-cooled shield is 
used. The decision about the use of this method 
rather than liquid-nitrogen shielding will depend 
upon the relative costs of liquid nitrogen and liquid 
hydrogen and the cost of keeping the liquid nitrogen 
shield replenished. Also, the complete design study 
will include heat leaks from piping and supports, 
which cannot be resolved here because they are 
peculiar to the specific application and mechanical 
design. 

It is remarkable also that the temperature of the 
shield and its optimum location, that is, its distance 
from the inner container divided by the distance 
between the inner and outer walls, (6—1)/(a—1), are 
practically independent of the value of a. This is a 
consequence of the temperature dependence of the 
thermal conductivity of the powder and the specific 
heat of the vapor. As more complete data on the 
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thermal conductivity of powder insulations become 
available, the optimum position should be recom- 
puted, 

To gain an idea of the performance that might be 
realized in a practical vessel, the results of these 
computations were applied to a spherical container 


for liquid hydrogen having an inner shell 2 m in 
outside diameter and an outer shell 3 m in inside 


diameter. This will have a capacity of slightly more 
than 4,000 liters. The evaporation rate resulting 
from heat leak through evacuated-perlite insulation 
was found to be sufficient to evaporate 25 liters, or 
0.62 percent, of the contents per day. A vapor- 
cooled shield reduces this to 0.24 percent per day. 


5.2. Containers for Liquid Helium 


It is quite apparent that the effectiveness of the 
vapor-cooled shield depends upon the ratio of the 
heat of vaporization of the liquid being stored to the 
specific heat of the vapor. Accordingly the appli- 
cation of this device to the storage of liquid helium 
very attractive of the favorable ratio 
between the specific heat of the vapor and the heat 
of vaporization. 

The results of computations fully 
justified this optimism because it was learned that 
the vapor-cooled shield of a powder-insulated con- 
tainer for liquid helium at its optimum location will 


Is because 


for a=1.5 


have a temperature of K, substantially lower 
than that of a liquid-nitrogen-cooled shield. The 
optimum position of such a shield was found be 
(6—1)/(a—1)=0.25. The designer should again be 
cautioned against using this value after more data 
on the thermal conductivity become available. 
Measurements now in progress will undoubtedly 


vield more accurate data for this application, 

Applving these results to the 4,000-liter spherical 
container described above, it was found that the heat 
leak through the insulation would cause liquid helium 
to evaporate at a rate of 7.7 percent per day from 
the unshielded vessel and 0.7 percent per day from 
the shielded vessel. 


5.3. Combination of High-Vacuum and Evacuated- 
Powder Insulation 


A logical refinement of the foregoing design is to use 
a high vacuum in the space between the coldest W all 
and the vapor-cooled shield, and powder insulation 
in the outer space. If the surfaces bounding the 
vacuum space have a low emissivity, this arrange- 
ment will result in a considerable improvement, 
gained at the expense of greater construction costs 
The heat leak to the inner exclusive of solid 
conduction, can be computed by a method rather 
similar to that used earlier. In this case, however, 
the thickness of the high-vacuum should 
made as small as practical, so we can idealize 
problem by assuming that the vacuum space 
negligible thickness (7,7 Then the rate 
heat is transmitted to the inner container 


vessel, 


be 
the 
has 
at which 
by radia- 


space 


tion from a shield at the temperature 7) is 
T5 torr (T3 T? m 3 . 4) 


where ¢ is the Stefan-Boltzman radiation constant. 
e is the emissivity of the surfaces facing the vacuum 
space, 7; is the re adius of the inner container. 7, and 
T, are the te mperatures of the shield and inner con. 
tainer respectively, m is the mass rate of evaporation 
of the liquid being stored, and L, is its heat of vapor- 
ization. The heat that reaches the shield by con- 
duction through the powder is , 


k.4er,r3(T,—T, 


('3—T) 


m Z mAh. 5) 


is the mean thermal conductivity of the 
re is the rs adius of the outer shell at te mpera- 
and Ah is the change in enthalpy of the 


where k, 
powder, 
ture 7: 


vapor as it is warmed from 7, to 7). Dividing eq 
(4) by (5) and letting a=r;/r; gives 
L oer (a—1)(T3—T? 
7 — © 6 
L,4 Ah (2—<¢ hea T’, rT, 


that are not 
the simplest 
Is to use sue- 


Because Ah and k, are functions of 7, 
available from analytic expressions, 
method of solving this equation for 7; 
cessive approximations. A general solution cannot 
be given. The equation must be solved for specific 
values of r, and a. For this reason the performance 
of the 4,000-liter vessel with an inner diameter of 2 
m and an outer diameter of 3 m, described earlier, 
was computed so that the results can be compared 
with those resulting from other insulation methods. 
It was found that with liquid hydrogen, the shield 
temperature will be 129° K and the evaporation rate 
will be 0.13 percent per day. When this system is 
used with liquid helium, the temperature of the 
shield is 86° K and the evaporation rate 0.33 percent 
per day. These computations assume an emissivity 
of 0.02 for the surfaces facing the vacuum space and 
ignore the heat leak through the supporting members. 


5.4. Discussion 


Table 1 shows the rates of heat transfer in terms of 
loss of liquid hydrogen and liquid helium in percent 
per day for several different types of insulation for a 
vessel of 4,000-liter capacity. These results do not 
take account of heat transfer by conduction through 
the supports nor heat conduction through the resid- 
ual gas in a high vacuum. — It should be emphasized 
that the designer and fabricator have a great amount 
of control over these latter heat leak. 
The length of thermal path through insulating sup- 
ports is particularly pliant to the ingenuity of the 
designer. Figure 6 gives a suggestion for increasing 
the length of supports. 

The computations «gin that the effectiveness of 
the vapor-cooled shield in powder insulation, m/m*, 
is practically Saihenaniiven of the thickness of the 
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insulation, here measured by the constant a. The 
optimum location of the shield is slightly affected by 
the thickness of the powder. For the liquid-hydro- 
gen vessel, the optimum position varied from 39 per 
cent of the way from the cold to the warm surface for 


a=1.05 to 32 percent of the way for a=1.5. The 
two computations for helium gave 30 percent for 
a=1.2 and 25 percent for a=1.5. These variations 


are rather trivial considering the flatness of the 
minimum in figure 5 

The attainment of a first-rate high vacuum in an 
insulating protecting the inner container 
requires first of all a completely leak-free construc- 
tion, and also a thorough outgassing of all the metal 
surfaces bounding the high vacuum. The use of an 
adsorbent cooled to the temperature of the liquid 
being stored highly recommended. The attain- 
ment of a superior vacuum is more easily accom- 
plished in vessels for liquid helium storage than in 
liquid-hyvdrogen vessels because liquid helium pro- 
vides a temperature at which all gases except heltum 
have 2 necleoible Vapor pressure. Helium not 
likely to be found in an insulating vacuum unless 
there Is a leak, It | observed that com- 
mercial containers with liquid-nitrogen-cooled shields 
have a much smaller heat leak when they are used 
to store liquid helium than when used with liquid 
hydrogen, probably because hydrogen gas is very 
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insulation is used, the outer 
The emissivity of the surfaces 


bly thir 


son of the heat leaks through various insulations jora , OOO-lite r spherical Dewar 


shell has an inside diameter of 3m. For the cases in which no 

facing the high-vacuum spaces is taken as 0.02, 

Evaporation rate caused by the heat flow through the insulation 
excluding conduction by solid supports and assuming no con- 
duction by residual gas 


Liquid hydrogen Liquid helium 


Day | Day 
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ind the vacuum is assumed to be so good that heat conducted by residual 
thoroughly condensed when the container holds 
liquid helium. On the other hand, hydrogen is 
dissolved in, and is slowly released by, nearly all 
materials used to construct containers for cryogenic 
liquids, so provision should be made for its disposal 
if a high vacuum is to be maintained in vessels for 
other than helium. 

A very obvious extension is the use of multiple 
shields. Because the cold vapor has a substantial 
refrigerative value after it leaves the shield discussed 
here, it is apparent that it could be utilized to cool 
additional shields, 

Another source of refrigeration that could be 
utilized to cool the shield of a container for liquid 
parahydrogen is the heat absorbed by para-to-ortho 
conversion. If the proper catalyst is put into the 
vent tubes that cool the chield, the endothermic 
conversion to a higher ortho concentration will pro- 
vide extra refrigeration. The cooling produced by 
converting hydrogen of 99.8 percent para (the equi- 
librium concentration at the normal boiling temper- 
ature) to 38.6 percent para (the equilibrium concen- 
tration at 100° K) is 44 percent of the cooling pro- 
duced by warming the gas from the hydrogen boiling 
point to 100° Kk. 

Finally, a word should be said about the storage 
of liquid oxygen and nitrogen. Because the ratio 
of the heat of vaporization to the change in enthalpy 
of the vapor upon being warmed to room temper- 
ature is much greater for these materials than it is 
for hydrogen and helium, it should be expected that 
the value of a vapor-cooled shield will be correspond- 
ingly less. However, the principles just discussed 
are equally valid for this application and should be 
given adequate consideration in the design of vessels 
for the long-term storage of liquid oxygen and 
nitrogen. 


6. Vapor-Cooled Vent Tube 


In those cases in which heat conduction through 
the supports or fill and vent tubes is a substantial 
part of the total, it may be worthwhile to use the 
escaping vapor to intercept part of the heat. This 
is an Important consideration in the vent tubes of 








some Dewars. ‘The escaping vapor maintains good 
thermal contact with the wall of the tube and ab- 
sorbs a great deal of the heat that would otherwise 
enter and cause evaporation of the liquid being 
stored. The maximum possible saving from this 
process can be computed upon the assumption that 
the heat transfer between the Vapor and the tube is 
perfect; that both have the same temperature at 
each level. Also, it is assumed that there is no 
lateral conduction or radiation to or from the tube. 
Because, in the temperature regions that are of in- 
terest, the thermal conductivity of the tube or sup- 
port is a function of temperature, the practical solu- 
tion of the problem can be simplified by assuming 
that this function is linear, that 


k=k,+a(T—T, 


where & is the thermal conductivity at the variable 
temperature 7’, ky is the thermal conductivity at the 
cold end, which has the temperature 7), and a is a 
constant. Then 


(T—T,)\(dT/dx), 7 


which is the equation for heat conduction where W, 
is the heat current at any point in the tube, A is the 
cross-sectional area of the tube, and sv is the dis- 
tance from the cold end. Now the issuing vapor 
will absorb some of the heat traveling down the tube, 
so that 
W=W,+mC,(T- 

where W, is the heat current that reaches the cold 
end of the tube, m is the mass rate of flow of the 
issuing vapor and ('p is its specific heat. 

Upon combining eq (7) and (8) and integrating, 
it is found that 


1] (mC, 
a » @ , WotmC,AT 
} aa? +( ko—W nO Jin i" } Q) 


where J is the leneth of the tube and AT the tem- 
perature difference between the warm and cold ends. 
The thermal conductivities of alloys commonly 
used for vent tubes of metal Dewars are rather com- 
plex functions of temperatures. However, eq (9 
can be employed by dividing the total temperature 
interval into smaller intervals in which the thermal 
conductivity can be considered to be a linear fune- 
tion of temperature. Then eq (9) is applied to the 
lowest temperature interval, 47,;=7,— 7), and the 
dependence of W, upon L,/A for various values of m 
is determined; L, is the length of tube lying in the 
lowest temperature interval. Then values of heat 
current W, at the bottom of the next higher tem- 
perature interval are determined by the relation 


Wi=W.+mC,AT,. 


These values of Ws are then used in eq (9) to com- 


3 


A for the second lé mperature in- 
terval, and the repeated as required 
Finally, total values of L/A are obtained by addine 
the individual values, L,,/A. ™ 

For a stainless-steel vent tube for hvdrogen it is a 
sufficiently good approximation to use just two tem. 
perature intervals, from 20° to 80° K and from 
80° to 300° K. In figure 7 are plotted values of W 


pute values of L, 


process Is 















































aati) 
—— 
2 ° rh 
77° : 
| tH 
| ty 
} ++ 
at 
‘ 
B Cc 
1 Ml 
| wi 
| 
' 
a| 
w ° eas er wae Scio, 
NM 
} 
< 
= 
ms sorgnenen 
~ : 
Bi) 
- 
5 IHYDROGEN|} 
> To * 20°K 
‘ T>* | 
z 4 2 300°K |} 
WwW ; 
OQ 
So 
++ 
< +H 
x +44 
x 
> 
- 
< 
x 
+++ + + 
tH 
NITROGEN], 
To* 77°K } 
OF T2* 300 K | 
i ttt TT 
| ity 
| i 
| jeeee 
} iii 
Ssasss:::: 
; 4 
Liu 
10 ah oe eee! 
! 000 
FIGURE 7 Results of computations of } , eaching 
the coid end ota oO 1 conducto countle fonda fream of cold 
vapor 
A, m=1 B, 1 ec; C, 10 D, I F, m 





as 


ya 
tw 
pr 
ba 
be 
ap 
th 
ya 
m 

th 
th 
fre 





re in. 
ured, 
lding 


tisa 
tem- 
from 


f W, 


ii} 
itt 


Stitt — St 


fii 





} 
HSS ft 

















as a function of LL/A for stainless-steel vent tubes. 
It should be remembered that these are limiting 
values, Which assume complete heat exchange be- 
tween the escaping vapor and the vent tube. In 
practical vessels, it may be necessary to provide 
haffles or other means for promoting heat transfer 
hetween the escaping vapor and the vent tube to 
approach the thermal equilibrium assumed for 
these computations. For hydrogen, which has a 
variable specific heat, mC, can be replaced by 
m(Ah/AT), where Ah is the change of specific en- 
thalpy for the temperature interval A7. Values of 
thermal conductivities of stainless steel were taken 
from the data compiled by Powell and Blanpied [8]. 


7. Conclusions 


The foregoing analyses show quite clearly that 
important benefits can be realized by utilizing the 
refrigerative value of the vapor which escapes from 
an insulated vessel for liquid hydrogen or helium. 
The problems were idealized in order to make their 
solution simpler; thus in many practical designs the 
values reported in this paper may be substantially 
altered by the mechanical requirements. However, 
there is some definite experimental evidence that 
these computed values are not unrealistic. A 50 
liter commercial container for liquid helium, similar 
to that illustrated in figure 3, protected with a 
liquid-nitrogen-cooled shield, showed an evapora- 
tion loss of 0.35 liter per day. If all this heat leak 
is attributed to thermal radiation from the shield 
at liquid-nitrogen temperature, the emissivities of 


the surfaces facing the vacuum space (assumed 
equal) are found to be 0.015, which is an excellent 
value for copper, better than the 0.02 assumed in 
table 1. This result implies that the heat conduction 
through residual gas and through the supporting 


neck of the Dewar was negligible. From the dimen- 


sions of the Dewar neck, 15.9 mm o.d., 0.5 mm 
thick, and 31.8 em long (1,4=—130 em figure 7 
shows that if no vapor were escaping, the heat flow 
down the heck would by about 0.022 w. more than 


twice that required to cause the observed evapora- 
However! the 
liter pel dav, 5] 10~* @ see, an 
the shows that 


tion rate with observed 


evaporation, 0 +5 
figure 7 


interpolation ol rves of 


Tr) 
I 


rate of 


the heat that actually reaches the cold end of the 
neck is less than 10~* w, a result consistent with the 
observations. Thus, it appears that a performance 
very near the ideal has been achieved in a relatively 
small vessel with a shield cooled with liquid nitrogen. 
Accordingly it should be entirely practical to ap- 
proach the ideal in large vessels having either liquid- 
nitrogen-cooled shields or vapor-cooled shields. 

In many applications the neck of the 50-liter 
helium container described above is inconveniently 
small. It is possible to increase the neck diameter 
substantially, keeping the wall thickness and length 
the same, without seriously increasing the heat flow 
to the liquid helium. <A value of L/A of 80 em™! 
will give a heat current of very nearly 10~* w, only 
| percent the total heat leak. Doubling the 
diameter of the neck, making L/A=65 em, will 
resultin a heat current at the bottom of the neck 
of 210°° w, a 20-percent increase. When the 
larger neck tubes are used, removable baffles should 
be provided, both to increase heat transfer between 
the escaping vapor and the tube, and to stop radia- 
tion down the tube. 
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rnal of Research of the Nat 11 Bureau of Standard Vol. 58, No. 6, June 1957 Research Paper 2765 
Further Studies on the Pyrolysis of Polytetrafluoroethylene 


in the,Presence of Various Gases 
J. D. Michaelsen and L. A. Wall 


The thermal decomposition of polytetrafluoroethylene in the presence of gases or 


vapors has been explored in the range 450° to 500° C. Gases that have been used can be 
divided into three groups, depending on whether they inhibit, catalyze, or exert no effect 
on the thermal-decomposition process. Fluorine-containing gases, i. e., CIF; and IFs, 


which are capable of dissociating at the pyrolysis temperatures to give fluorine atoms, 
showed the most marked inhibition yet observed. From the brevity of the duration of 


inhibition, it is concluded that the fluorine atoms directly attack the polymer to produce 


through a metathetica! reaction. 


1. Introduction fluoroethylene suggested that gases that could 

diffuse into the material would produce more pro- 

Polytetrafluoroethylene is the most thermally | nounced effects. In a previous article [3] the results 
stable linear polymer known at the present time. | of such a study were reported. Both catalysis and 
Therefore, a considerable number of investigations | jnhibition were observed, although some gases or 
have been carried out at the Bureau in an effort to 
extend its useful temperature range. Polymers of 
tetrafluoroethylene prepared with different catalysts 
fi]' or with admixed organie and inorganic solids 


vapors produced no effect. 

These results are interpreted in terms of free- 
radical chain mechanisms [4, 5], which are applicable 
{2} were found not to be different from commercial | ' the degradation of numerous polymers. In the 
samples in their rates of thermal volatilization. The | case of poly tetrafluoroethylene the following mecha- 
lack of inhibitory effects with the admixed solids | nism appears applicable for its thermal decomposi- 


and their obvious incompatibility with polytetra- | tion in a vacuum or under nitrogen. 
7 
P——+R—CF,—CF,—CF,- +R—CF;, [Initiation 
R—CF,—CF,—CF:- »>R—CF,.+CF,—CF, Propagation 
> 
, > (1) 
2R—CE *P or 2P 
and/or a Termination 
R,,.CFy -evaporation 
7 : 








The P represents any size polymer, R is part of a | catalytic effect, presumably caused by the reaction 
polymer chain, the k’s are the specific rate constants, | of an atom with the polymer chain to give a new 
and R,, is a chain of about 70 carbon atoms. polymer radical. This catalytic effect also causes a 

This picture of the degradation admits the possi- | drop in molecular weight. Specifically then, the 
bility of inhibiting the weight loss of the polymer by | applicable additional steps for the mechanism of 
increasing the probability of a termination step | this inhibition with hydrogen is 
compared to the propagation (or depolymerization) 
step. » snl K ee 

The earlier study [3] has shown that it is possible R—CF,—CF, +H;—->-R—CF,—CFH +H. 
to inhibit the degradation of the polymer to some , 
extent by a termination reaction in which a molecule | R-C@F,—-CF,—R+H-—-HF + R—CF—CF,-+-R: ¥ 
or an atom from the gas combines with the polymer : ‘ : 
radical. However, along with this inhibition is a Ke” 
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The effect of the k, step is to counteract the inhibition 
produced by the Ad step. The net result is a conver- 
sion of the unraveling mechanism to a random one, 
which initially has a very slow rate of volatilization 
but in subsequent stages becomes faster than the 
rate under vacuum. As the temperature is raised, 
the length of the inhibition period becomes less and 
less, until at 480° C or higher the over-all effect is 
catalytic. 

From this mechanism it is to be expected that the 
best inhibition step is one in which a very strong 
bond is formed in the inhibition reaction, whereas 
a weak bond is formed in the catalytic reaction. In 
other words, if the inhibiting gas is AB, a strong 
© A bond is desired Fiving a very stable B radical 
so that BF is labile. 


From a consideration of the bond-dissociation 
energies listed Ith table lL it was conceivable that 
fluorine would have an inhibitory effect. The results 
of a study along these lines are reported here, 


along with some experiments with other gases and 
vapors and with more complicated mixtures, such 
as an H, and NO mixture and Cl, and NO mixture. 


B i [ f 
ond-¢ wialiaon enerdie 
) ( / 


ABLE 1 


2. Experimental Reagents 


The polymer used was in the form of a water 
Suspension obtained from kK | du Pont cle Ni mours « 
Co., Ine., and designated by them as TD—3 The 
suspension Was frozen and then dried in a vacuum 
while frozen, and the powd r so obtained was used 
in the experiments. 

The Freons were all from E. T. du Pont de Nemours 
X C'o., Ine., and the bromine, chlorof rin, Cumene, 


pyridine, aniline, nitrobenzene, and benzaldehyde 


were obtained from Fisher Scientific Co. in the purest 
grades available. The NO, C] Clik ° and H were 
the purest obtainable from Matheson Co., In The 


IF. was obtained from the General Chemical Co. as 
research crade. 

The CF,I was prepared in the 
to the procedure of Henne and Finnegan 11} 
decomposition of perfluoro silver acetate in 
presence of I, and purification by distillation 

99° 0 


sureau according 
by the 
the 
bp- 


s .* 3. Experimental Procedure 





The rate of degradation was measured by deter- 
mining the weight loss of the polymer after periodic 
heating under the various flowing The 


FaAses 


sample of polymer was usually about 1 g in size and 
was placed in a porcelain boat for heating for al] but 
the corrosive gases CIF, and IF;. For these two 
gases the samples were heated in a_ nickel boat 
which was found not to corrode during the course of 
the experiment. 

The porcelain boats were heated in a glass tube 
surrounded with a brass furnace. The temperature 
was determined by a thermocouple placed in the 
tube so as to center the space above the porcelgiy 
boat. The temperature was regulated with a hand. 
operated powerstat to = | 6; 

Because of the very corrosive nature of fluorine 
and the fluorine-halogen compounds, especially at 
the temperatures of pyrolysis, it was found by 
experience that a tube of nickel was needed to con. 
tain the reaction. For this purpose a special nickel 
tube was obtained, and its ends were machined go 
as to fit a 29/42 standard-taper joint. The rest of th 
apparatus leading to the tube and away from the tub 
was attached 


t 
| 


was made of glass. It to the nickel 
tube by means of two water-cooled yomnts. Although 
the vlass would corrode during the experiments, this 
corrosion Was. slow compared with the 


duration of the experiments. 


over-all 


A brass furnace placed around the nickel tube was 
used to bring the tube to the desired temperature 
The temperature was measured in the space between 
the furnace the nickel tube by an 
Stantan thermocouple. The ends of this space wer 


and lron-con- 
plugged with asbestos paper 

A typical measurement was made by first placing 
the boat containing a weighed sample of the polymer 
in the unheated portion of the tube The svsten 
was then thoroughly flushed with the gas ot Vapor 
under study, and a flow 
The temperature of the furnace was brought up to 
and maintained at, the desired level The boat was 
pushed into the furnace. The manually 
variable sometimes had to be 
justed in order to maintain the desired temperature 


steady was established 


operated 
transformer read- 
Temperature equilibrium was usually reached about 
3 to 4 min after the introduction of the 
furnace. The time at which the temperature first 
reached the desired level was taken as the zero time 
for that particular run. At the end of a given 
interval of time, usually 1 hr, the 

drawn from the heated part ol the 
tube. This time was taken as the end of the interval 
of ps roly Sis Experience made ho 
difference to the results wh i@ boat was with- 
drawn from tube and 
temperature In the aur or left to cool in the tubs 


boat into th 


boat was with- 


furnace into the ul 


showed that it 
ether tl 
the allowed to cool to room 

When pyrolyzed in a vaeuum or under nitrogen, 
polytetrafluoroethvlene was found to retain its 
original form [3]. In many of the experiments re- 
ported here the polymer became very fluid at the 
temperature of pyrolysis. Although the molecular 
weight of the polymer could not be determined quan- 
titatively, this change in VISCOSILY from a solid to 
what is often a very fluid liquid was taken as an ID 
dication of a very pronounced drop in molecular 
weight during the course of pyrolysis under the gases. 
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The materials with boiling points above room tem- 
perature were usu! ally introduced by passing nitrogen 
as a carrier me the liquid at room te mperature 
and passing the N, saturate <d with the vapor into the 
system. Water, however, was boiled directly into 
the flow system in which case the vapor pressure was 
near atmospheric. 


4. Results 


The gases studied are divided into three groups 
according to their > on the rate of volatilization 
at 460° and 470° C: ) Those gases that exhibit a 
catalytic effect on a rs a from the beginning of the 
sed, (2) those that produce little or no effect on the 
rate, and (3) those that produce an initial inhibitory 
effect. The gases used and their effects are shown in 
table 2. Because it has been shown [3] that the rate 


under N» (e. g., 0.017% per minute at 457° C) is 
quite close to those observed previously under 
vacuum (e. g., 0.017% per minute at 453 {12}, 


the results under N,. are used as blank runs for com- 
parison purposes In these experiments. 


TABLE 2 EB ffe ct of various gases on the thermal dec om post- 
tion of potlyte trafluoroethylene 

I } ( No effect 
If Hes N 4 
Cll Ho CyHsC hk 
H 0 Br 
( fe) CChH 
( NO O CeHsNH 
io H NO CClyt 
CCIFH H CFyl 
CyHsCH I CPF :H 
ChHsNO Ch and NO 
C,H CHO 


4.1. Catalytic Effect 


The curves representing the degradation of poly- 
tetrafluoroethylene under several gases and vapors 
exhibiting catalytic effects are shown in figure 1, In 
which the percentage of weight loss of polytetra- 
fluoroe thvle ne Is plotte “i versus time. In these cases 
the slopes of the curves are — than that of the 


blank, 1. e., degradation under No. The gnese shown 
exhibiting this effect are H.O, NH., and a mixture of 
3 moles of H, to 1 mole of NO. Pure NO was previ- 


but not to the extent of 
on the other hand, 
an inhibitor at these tem- 
peratures [3]. The combination of H, and NO 
seems to have the same effect as an increase in tem- 
perature does, . decreases the period of inhibition. 
Because hydrogen most surely formed as 
intermediates in it is possible that 
the NO could increase the steady state concentra- 
tion of the atoms by catalyzing the rate of initiation 
of the over-all rate A steady-st ite concentration 
of hydrogen atoms greater than the equilibrium value 
might indicated by observation that 


found to be catalytic 
and NO system. 
Wiis found Lo be 


ously 
this H 
pure H 


whereas, 


atoms are 


these reactions, 


have been the 
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Figure 1. Pyrolysis of polytetrafluoroethylene in the presence 
of hydrogen-containing gases. 
, Ammonia; @, hydrogen and nitric oxide in 3:1 mole ratio; A, water vapor; 
. hydrogen; dashed line, nitrogen; temperature 470° C; pressure ~ 1 atmos- 
phere 


the Nichrome wire would glow when inserted into 
the reaction system above the polymer. The cataly- 
sis of the recombination of the atoms on the metal 
giving a high heat of recombination could cause this. 
On the other hand, the hydrogen could have reacted 
with the NO on the wire to give a very exothermic 
reaction producing N, and H,O. Thus the water 
produced from the reaction of atomic hydrogen and 
NO, together with the NO might give the increased 
catalytic effect of the mixture. Water in a separate 
experiment was found to have a catalytic effect. 

The catalytic effect of the water vapor seems to 
confirm the suspected polar or ionic character of the 
C-F bond. This enhanced decomposition of the 
polymer in the presence of H,O parallels the behavior 
of metal fluorides. 

The NH, besides giving an over-all catalytic 
effect, was found to be incorporated in the polymer 
in large proportions. Because of this fact, little 
can be said about its mode of action. 


4.2. No Effect 


Those compounds listed table 2 that show no 
effect may have some influence on the rate at other 
temperatures and may interact with the polymer. 
However, at the temperatures at which these experi- 
ments were studied, 450° to 480° C, the rate 
of degradation of the polymer under these gases was, 
within a factor of two, the same as for N 

It seems definite, however, that very little, if 
any, reaction is taking place between the degrading 
polymer and CF,I or CF;H. This is extremely 
interesting and would seem to indicate either high 
(‘—H and C—I bond strengths in these compounds 
or an exceptional inertness of the CFs. radical. 
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4.3. Inhibitory Effect 


The best inhibitors, as a study of bond-strength 
data might lead one to expect, were those that 
decomposed to give F,, e. g., CLF; and IF;. Their 
effects, when compared with those of Cl, and Ng, 
are shown in figure 2; the result that at 480° © 
these fluorine-containing halides exhibit only a cat- 
alytic effect is not shown. When in contact with 
the fluorine-containing gases the polymer liquefied, 
and the rate of weight loss approached or surpassed 
that caused by N, after 5 to 7 hours at the indicated 
temperatures. Although a 1:1 mixture of Cl. and 
NO gave but little effect, a 10:1 mixture had about 
the same effect as Cl, alone, as shown in figure 3. 

The polymerization inhibitor, nitrobenzene, was 
found to be surprisingly good despite its low vapor 
pressure. 
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FIGure 2 Pyrolysis of polytetrafl woroethylene in the presence 


of haloqe nm gases. 
@, Chiorine at 470° ¢ \, chlorine trifluoride at 470° ¢ , lodine pentafluoride 


at 4m) ¢ upper dashed line, nitrogen at 470° ¢ lower dashed line, nitrogen 
at 40" ©. 
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of additional gases 


\, Chlorine , chlorine and nitric oxide in 10:1 mole rati« nitrobenzene 
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dashed line, nitrogen; temperature 470° ¢ 
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5. Discussion 


The aim of this work was to find an inhibitor for 
the thermal decomposition of the polymer that 
would be effective at 500° C and vet would not cause 
a rapid decrease in the molecular weight of the poly- 
mer. As pointed out in the introduction, the effort 
was directed to the search for a compound that 
would terminate the fluorocarbon radical, and stil] 
not produce in this reaction a radical that is too 
reactive. Fluorine was found to be the best inhib- 
itor, but it still apparently caused a certain induced 
reaction or catalytic effect. There is very likely 
present a large concentration of F ' 
the bond energy of I, is low. A lower concentra- 
tion of F,, through the use of IF, at its room-tem- 
perature vapor pressure, gave no significant increase 
in inhibition. 

Thus, the rapid onset of fluidity in the polymer 
and the failure to obtain a longer inhibition time 
than that observed. suggest that F atoms attack 
the polymer chains in the following manner: 


atoms because 


Fe. +—CF.CF,CF,— »—CFCF, +—CF,- 
Such reactions are probably more exothermic in the 
fluorocarbon system than in the corresponding 
hvdrogen-hydrocarbon system. In the latter sys- 
tem the low probability of metathetical reactions 
has been studied theoretically [13] and experimentally 
14]. An important objection to these reactions is 
the high energy of activation of these steps due to 
the shielding of the carbon and the low 
energy in the activated complex resulting from the 
large displacement of the carbon atom from its 
equilibrium position. 

In the fluorine-fluorocarbon system, however, no 
alternative low activation process is possible. Also, 
only a very few breaks need be induced by the above 
reaction for the process to be entirely random. If 
such a reaction is ruled out, then one needs to assume 
a very short kinetic chain length in order to explain 
the decomposition reaction in the absence of gases. 
However, this is contradicted by the observed 
kinetic behavior. 

In the previous work [3] with H, and Cl, it was 
considered likely that the failure to obtain a greater 
degree of inhibition was the result of the attack re- 
action, k,, by the H or Cl atoms formed by the in- 
hibition reaction, kf (see eq. 2). Consequently, the 
mixtures of gases, H, with NO, and Cl, with NO, 
were tried with the idea that one gas (NO) would 
inhibit the attack reaction, & From table 2 it is 
clear that the results were in the opposite direction. 

Along with these ideas and results may be placed 
the fact that an increase in temperature very rapidly 
increases the rate of catalysis relative to inhibition. 
Concurrently, changing the partial pressure of the 
inhibiting gas influences the ratio slightly. This 
indicates that the order of the rate of inhibition with 
respect to the inhibiting gas is different from that 
for the catalytic step. Therefore, steps k; and ky 
must both be important in the kinetic scheme pro- 
posed. 
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This ean best be seen from the following con- 
siderations. If a steady state in hydrogen atoms 
exists, then from equations ky, ks, and ky’ 
0—ki(RCF,-) (H;) —ky(H-) (R—CF,—R) 

ky (H-)?. 


d(H-) /dt 


When /,’ step is not important 


H ky (Hy) (RCF,-) | 
kok CF, R) 


Therefore, 


Rate of inhibition ke H. , 
Rate of catalysis &,(H-)(R—CF,—R 


Substituting for (H- 


Rate of inhibition 
: Constant=1. 
Rate of cataly SIS 


Therefore, varying the hydrogen-gas concentration 
should have no effect on this ratio nor should the 
temperature. 
However, if fk, 
first approximation 


ke (Hs) (ROF.R) 
H. | ‘ ] 


Therefore, substituting for (H.- 


step is very important, then to a 


Rate of inhibition 


Rate of catalysis .{ H,)(R—CF,—R |’ 
| E 


ky key CH.) (R—CF,-)]* 
k,(R—CF,—R 

Consequently, by lowering the partial pressure of 
the inhibiting vas, there should be an increase in the 
catalytic effect relative to inhibition. Also, as an 
increase in temperature in these experiments de- 
creases the inhibitory period, or rather markedly 
increases the rate of catalysis over a 10 to 20 deg C 
range, /¢ ky, since hy =0. 

Therefore, once a free radical or atom is formed 
in step 4, that will enter into reaction in step ks, it 
is better that £,</,. Then inhibition increases 
faster with temperature than catalysis. No ex- 
ample of this type was observed in these experiments. 

The results in table 2 show a few anomalies. The 
first is the inhibitory effect of CCl, and CCIF,H 


compared with no effect of CClH, CF,H, and 
CCI,F). 

The effectiveness of the low-temperature poly- 
merization inhibitors, nitrobenzene and benzalde- 
hyde, is surprising. Their effect is to be con- 
trasted with those of aniline, which gave no over-all 
effect at these high temperatures; pyridine, which 
acted much like ammonia; and benzotrifluoride, 
which had previously [3] been shown to have no 
effect. The aniline showed a slight inhibitory 
effect, but it was less than a factor of two at these 
temperatures. Its slight effect on the rate data 
could be attributed to its very slow solution into the 
bulk polymer. 

According to the bond data given in table 1 and 
the discussion given in the introduction, the behavior 
of Br, should contrast with that of F,. Bromine has 
no effect, whereas fluorine-containing halides are 
very good inhibitors, as can be seen in table 2. 

The results in general indicate that very good 
inhibitors for the thermal decomposition of fluorine- 
containing polymers are within the realm of possi- 
bilitv. It is also evident from table 2 that relatively 
small changes in molecular structure or chemical 
composition play a large role in the behavior of a 
given substance. Thus achievement of the utmost 
possible degree of inhibition will require a large 
amount of investigation because of the obvious 
necessity to balance critically the various factors. 
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Research Paper 


A Nonlinear Instrument Diaphragm 
Fidel Cordero, Harry Matheson, and Daniel P. Johnson 


Details of fabrication for the production of sensitive diaphragms having a controlled 
nonlinear pressure-deflection characteristic are presented The desired characteristic was 
such that when the diaphragm formed one plate of a condenser in the frequeney-controlling 


I bridge 
between 30 and 


network of a Wi oscillator, the 


would be linear 


curves are 


1. Introduction 


The diaphragm deseribed herein was required to 
have a deflection versus pressure characteristic such 
that, with the diaphragm as the moving plate of a 
condenser inserted in the frequeney-controlling 
circuit of a Wien-bridge oscillator, the frequeney 
deviations of the oscillator would be proportional 


the pressure difference across the diaphragm. For a 
Wien-bridge oscillator the frequency-capacitance 
relation for variation of one capacitor is focé 


Assuming an ideal parallel-plate condenser, the 
wanted pressure-displacement relation over the 
working range of the diaphragm was pxd*!?. The 


imperfect inverse proportionality between capaci- 
tance and plate separation in a physically realizable 
condenser necessitated some empirical adjustment of 
the diaphragm configuration to obtain the required 
characteristic 

Additional specifications for the diaphragm-oscil- 
lator combination called for a sensitivity of 0.3- to 
1.0-percent frequency change per dyne per square 
centimeter, linearity between —30 and +30 
d/em*, and good long-time stability. In addition, 
the diaphragm was required also to tolerate mo- 
mentary order of 1,000 d/em ? 


cood 


overpressure of the 
2. Description of Diaphragm 


2.1. Forming Die 


The diaphragms were pressed from 0.001-in.-thick 
commercial soft-brass shim stock. Figure 1 shows 
the arrangement of the 4 circumferential and 60 
radial corrugations impressed in a finished diaphragm. 
Not discernible in the photograph is the slight con- 
cavity, or cupping, imparted to the diaphragm during 
the forming operation. 

The combined effect of the radial corrugations and 
concavity compels the diaphragm to execute an 
umbrella-like motion when pre ssure is applied. It is 
more compliant when pressure is applied to its convex 
side than to its concave side 

Figure 2 gives the essential dimensions of the die. 
Each radial groove was 0.015 in. deep at its outer end 
and 0.005 in. deep at its inner end, and the central 
areas were depressed 0.005 in. with to the 
circumferential flats. Although the the 
die were cut with a sharp V-pointed tool, the forming 
pressure Was not great enough to force the metal to 
the bottom of the As a result, the 
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Ficgure 1. Matrix for 


forming a nonlinear diaphragm. 


sections acquired by the corrugations were nearly 
ares of circles. 

Earlier dies had a single, small hole at the center to 
allow escape of air during the forming operation. 
Later dies were provided with holes for each cireum- 
ferential groove. In addition, the edges of the cir- 
cumferential grooves of later dies were rounded to 
reduce the tendency of the sheet metal to tear during 
the forming operation. This rounding also resulted 
in more uniform characteristics in the finished 
diaphragms. The surface of the die, including the 
grooves, was brought to a medium polish. 


2.2. Diaphragm Fabrication 


Annealed brass shim stock, commercially available 
in rolls 6 in. wide, was first examined for pinholes 
under back lighting. Disks, somewhat greater than 
3\5 in. in diameter, were cut out of pinhole-free areas 
with scissors, using care not to kink the material. 
Similar disks were cut from unbleached paper. Two 
of the brass and three paper disks were then inter- 
leaved, clamped between brass blocks in a lathe, 
and turned to the final diameter. 

The diaphragms were formed by pressing them 
against the clean oilfree die in a hydraulic press 
arranged as shown in figures 3 and One of the 
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paper disks was used as a gasket to seal the joint 
hetween the lower platen and the diaphragm. After 
the press was closed with a force of 10 tons concen- 
trated on an annulus 0.170 in. wide at the edge of 
the diaphragm, the diaphragm was formed by the 
application of 1,500 psi for several seconds. 

After release of the forming pressure, the press 
was opened and the die was removed. Absence of 
oil on the face of the die indicated that the diaphragm 
was not torn during the forming process. The dia- 
phragm and paper gasket were carefully slid off the 
annulus of the lower platen and the gasket peeled 
from the diaphragm. ‘The diaphragm was rinsed 
in petroleum ether, using a wire holder, carefully 
examined for pinholes and tears under back lighting, 
and stored in a cardboard rack. 

More recently the fabrication procedure has been 
modified either as a matter of convenience or because 
it was felt that a more uniform product resulted. 
The modifications were 

(1) The blanks were cut without paper interleaves, 
turning the lathe by hand and using a razor blade as 
a cutting edge. 

(2) Rolled edges and burrs on the were 
removed by laying the blank on a piece of plate glass 
and dragging a razor blade over the edge of the 
blank to straighten the edge. 

(3) The blank was protected from the hydraulic 
fluid by a sheet of dental dam. The dam was 
clamped between brass rings and was held over the 
bottom platen. ‘The rings also served to center the 
blank and die for forming. 

(4) Lens paper was substituted for the bulkier, 
unsized paper and placed between the blank and the 
dental dam. 

(5) After forming the diaphragm it was removed 
from the recess formed by the brass rings and dental 
dam by gently touching its edge with scotch tape 
and lifting it from the recess 

6) The petroleum ether dip was omitted. 

Once a diaphragm was formed, it became essential 
not to handle it by the edge or m any manner that 
would produce distortion across a chord or diameter. 


disks 


3. Proof Tests 


The diaphragms were formed against a die with 
the center 0.005 in. When the forming 
pressure was removed, the central part of the dia- 
phragm sprang away from the die, so that the center 
of the diaphragm was above the plane of the rim, 
the diaphragm acquired a cupped shape. 


recess “| 


. © 


3.1. Cupping and Compliance 


For measurement of cupping and compliance, the 
diaphragms were mounted in a jig consisting of two 
brass disks with clamping rings cut on their mating 
surfaces. The jig was mounted to hold the diaphragm 
horizontally on the carriage of a milling machine. 
The position of the diaphragm was detected by a 
fixed-wire probe connected to an eleetronic indicator 


capacitance bridge The diaphragm was brought 


into contact with the probe by moving the carriage 
vertically or horizontally by the positioning screws 
of the carriage. Displacements were measured with 
the micrometers on the positioning screws. 

Most of the diaphragms showed a cupping of 0.004 
to 0.008 in., with occasional values as low as 0 and 
as high as 0.015 in. or more. As no direct relation 
between cupping and either sensitivity or dynamic 
range was observed, diaphragms whose cupping was 
within the range 0.004 to 0.008 in. were considered 
acceptable for further testing. 

The mechanical compliance of each diaphragm 
was measured by determining the pressure necessary 
to produce central displacements of + 0.010, +0.005, 

-0.005 and —0.010 in. of the diaphragm. Some 
typical values are shown in table 1. A water-filled 
manometer with a 1:20 slope was adequate for 
determining the pressure. 


TABLE 1. Mechanical compliance of representative diaphragms 


Pressure for the following deflections in inches ! 
Diaphragm a —— 


+-(0).010 +-0.005 0 —0.005 —0.010 

d/cn? d/em d/cm d/cm? d/cem? 
208 134 53 ( — 38 —67 
170 125 +47 0 35 —l 
226) +124 +49 0 —37 —t4 
222 135 +52 0 38 —tib 
162 +118 +45 0 31 —53 
249 134 +51 0 —37 —64 
33 144 +52 0 —33 —52 
14 130 +47 0 —32 —44 
10 142 54 0 — 34 —57 
i) 144 +53 0 — 36 — 58 


Che diaphragm moves toward the backplate for a positive pressure difference, 


The mechanical compliance was not found to be 
directly related to the observed sensitivity or dynamic 
range of a finished capsule, probably because of the 
effect of clamping pressure discussed below. How- 
ever, the measurements did serve to reject dia- 
phragms that were obviously too stiff, too compliant, 
for which the curvature of the load-deflection 
curve was obviously wrong. It was occasionally 
surprising to see two diaphragms with quite similar 
mechanical compliances result in finished capsules, 
one of which would be quite satisfactory, whereas 
the other showed only a limited linear range. 


or 


3.2. Pressure-Frequency Relation 
After completion of the mechanical tests the dia- 
phragm was mounted in its permanent holder, or 


capsule, as shown in figure 5, and the backplate was 
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uuf. Final acceptance of a diaphragm was based on 
a plot of the pressure difference across the diaphragm 
in its own capsule against the frequency of a Wien- 
bridge oscillator connected to the capsule. For 
these measurements the pressure differences were 
obtained with a gas-pressure balance. 

Calibration curves for two diaphragms with 
extreme characteristics are shown in figure 6. Except 
when intended for special purposes, the minimum 
acceptable linear range was from —25 to +-25 d/em * 
and the acceptable range of sensitivities in the linear 
region was 5 to 11 eps per d/em?’. 


4. Capsule 


The diaphragm was clamped in a capsule body 
consisting of two heavy-brass rings, a backplate, an 
insulating glass plate, and miscellaneous screws and 
fittings. Figure 7 shows the parts in an exploded 
view. The three critical surfaces were the two that 
clamp the edge of the diaphragm and that which 
positions the glass plate in the top half of the capsule 
body, figure 5. Where it was necessary to seal the 
interface between the glass plate and capsule body 
and the threads of the backplate against leaks of air, 
a silicone grease was found to be satisfactory. 

To avoid electric short circuits in a capsule when 
the diaphragm was subjected to excessive pressure, 
‘the exposed surface of the backplate was coated 
with an insulating lacquer 





7 
rs ] CUP WASHER 
© SPACER 


GLASS PLATE 


BACK PLATE 


SPRING 
FINGERS 
e «4 <= 







¢ > pressure 
| INLET 


DIAPHRAGM 


=6 CLAMPING SCREW 


BODY BOTTOM 


¢ % 
Ficure 7. Parts of a com plete capsule fo comparison with 
Jigu e 9 
The two halves of the capsule body were held 
together by six 10-32 brass screws. A study of the 


optimum clamping pressure showed, surprisingly 
enough, that very small distortions of the capsule 
body were often essential to obtain optimum 
characteristics. 


4.1. Transfer Characteristic 


The family of curves in figure 8 are typical of the 
pressure-frequency transfer characteristics of a cap- 
sule-oscillator combination. A) number of  dia- 
phragms, made from the same roll of material and 
formed on the same die, showed essentially the same 
family. Curve Aa was obtained with the clamping 
screws barely tight. Tightening the clamping screws 
with a torque screwdriver in 5-in.-lb increments pro- 
duced progressively higher sensitivities and improved 
linearity up to 20 in.-lb of torque. Note that for 
25 in.-lb the curve is quite unsymmetrical and the 
linear range is markedly reduced. A quite similar 
family of curves could be obtained by loosening all 
screws and progressively retightening them, but not 
by progressive loosening only. 

Attempts have been made to determine the volume 
compliance of these diaphragms at the rest-point 
The results indicate a range of about 0.002 to 0.008 
em® per d/em?. 
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4.2. Serviceability 


The unmounted diaphragms had to be handled 
with considerable care. Injudicious flexing of an 
unmounted diaphragm impaired its performance, 
probably because the cupping was disturbed. Even 
edge damage limited to the portion of the diaphragm 
that was firmly clamped, altered the pressure- 
deflection characteristics. In practice, the dia- 
phragms were never handled with the fingers or 


with tweezers but were manipulated on sheets of 
paper by tilting the paper to slide the diaphragm 
as required. Diaphragms could be picked up from 
a flat surface by slipping a sheet of paper under 
them and lifting the paper. When necessary, they 
could be grasped safely between thumb and finger 
at the center. Storage and shipment in paper en- 
velopes with a cardboard stiffener against the back 
of the diaphragm has been quite successful, provided 
the surfaces of the envelope were protected from 
pressure. Prolonged storage of diaphragms at high 
humidity produced surface staining, which, though 
unsightly, had no detectable effect on performance. 

Diaphragms have, on many occasions, been re- 
moved from a capsule and returned to it without 
detectable effect on the pressure-frequency curve. 

Over 1,200 capsule-months of operation have 
shown that the diaphragms will remain stable in 
sensitivity and rest-point when subjected to alter- 
nating pressures up to 100 d/cm? at intervals of 
several minutes. The service life of an assembled 
capsule is known to exceed 2 vears and appears to 
be indefinite. Observations over a period of months 
indicate that the sensitivity of a capsule may increase 
on the order of 5 percent a vear. 

No data is available on temporary or permanent 
changes in rest-point resulting from long sustained 
pressure difference across representative diaphragms. 
One series of experiments on a single diaphragm in- 
dicated that a momentary pressure of 4,000 d/em? 
produced a detectable effect on the rest-point. The 
momentary application of 6,000 d/em? shifted, at 
least temporarily, the pressure-frequency curve of 
the capsule-oscillator combination, but the dia- 
phragm was judged to be still serviceable. 


WASHINGTON. November 9, 1956, 
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Optical Studies of Crazed Plastic Surfaces ' 


Sanford B. Newman and Irvin Wolock 


Optical studies were made of crazed surfaces, principally those of cast polymethyl 
methaerylate. The techniques used for these studies were multiple-beam interferometry 
and light and electron microscopy. 

The dimensions of the craze cracks produced by short-time stress crazing and by stress- 
solvent crazing were determined by the above techniques. Stress-crazed specimens con- 
tained the smallest cracks observed during this investigation. The dimensions determined 
in some of these specimens were: Length, 2 to 10 microns; width, 0.1 to 0.25 micron; depth, 
0.05 to 0.15 micron. In other specimens and in solvent-crazed surfaces the dimensions were 
larger. The craze cracks did not appear to approach dimensions unresolvable by the electron 
microscope, but instead appeared to have a minimum crack length. 

An elevation of the surface in the vicinity of craze cracks was observed, of the order of 
0.02 micron for cracks produced by stress-crazing and 0.3 micron for those produced by stress- 
solvent crazing. This rise was observed in crazed specimens while still under load. The 
typical surface displacement was observed in specimens crazed in tension produced by flexure 
as well as in pure tension, and was observed in polystyrene and in polymethyl alpha-chloro- 
acrylate as well as in polymethyl methacrylate. 

Some crazed specimens in which the crazing had apparently “‘recovered’’ when viewed 
with the unaided eve still exhibited the surface displacement typical of crazed specimens. 
Iixperiments conducted by heating stress-crazed specimens and stress-solvent-crazed speci- 
mens to accelerate the recovery of crazing indicated that surface recovery is essentially com- 
plete in the former case but not in the latter. This difference in recovery behavior is prob- 
ably due to the nature of the deformation associated with the two types of crazing. 

Tensile specimens to which loads had been applied that were slightly too low to produce 
immediate crazing did not exhibit surface displacements typical of crazed specimens. 


l. Introduction that appear to approach the limits of resolution of 
the microscope, and these require a more powerful 

When transparent thermoplastics such as_poly- tool for the measurement of ¢ rack dime ‘nsion. 
methyl methacrylate or polystyrene are exposed to a Although the length and fineness of crazing cracks 
sufficiently high tensile stress or to solvents, deteri- | can be studied with the bright-field microscope, the 
oration of their optical properties occurs. This de- determination of the depth of cracks and how they 


terioration results from the formation of cracks that | affect surface topography requires other techniques 
impair light transmission, cause optical aberrations, | and instruments. Both the electron microscope and 
and reduce the strength properties of the material. the multiple-beam interferometer suggest themselves 
Commonly known as “crazing,”’ this phenomenon is | for these purposes. Saunders [8] has reported ob- 
in a variety of products ranging from | servations on minute irregularities in optical surfaces 
aircraft glazing and canopies to watch crystals, and by means of multiple-beam interferometry. Because 
is oby iously of considerable economic importance to of the great magnification of minute detail and the 
manufacturers and users of plastic items. A number | relatively large surface areas that can be examined 
of investigators have reported the results of work on | simultaneously, multiple-beam interferometry lends 
the mechanism, characteristics, and elimination or | itself readily to the precise study of the topography 
prevention of crazing [1 to 7 However, crazing re- | of plastic sheets. The multiple-beam or Fabry- 
mains a serious consideration in plastics applic ations Perot-ty pe fringe 1s a classical interferometric tech- 
and many aspects of the problem require intensive | nique. A number of applications and refinements of 


encountered 


study. the method have appeared in recent years, many of 
Photomicrographs and descriptions of the craze which have been the work of Tolansky and his as- 
cracks can be found in the literature [2. 4. 5). The | Sociates [9, 10]. These techniques vield magnifica- 


I, | Uon of detail in one direction only, the direction of 
height or depth. In the measurement of height this 
method equals or surpasses results obtained with 
the electron microscope, at the same time eliminating 
the elaborate specimen preparation required by the 
latter instrument. The electron microscope, how- 
ever, vields other information that would be difficult 
or impossible to obtain with available interferometric 
techniques. Some indication of how these tools 
supplement one another is evident in the observa- 
tions prese nted. 


cracks vary greatly in their length and fineness. 
tensile specimens crazed by the application of stress 
or by stress and solvent together, the cracks are 
almost invariably normal to the applied stress. 
Individual cracks can usually be observed using +E 
low-power microscope; a 16-mm objective and 10 

ocular is generally more than adequate. The length 
and number of the cracks can often be determined 
in this fashion Some crazed surfaces contain cracks 


the s oo oo ee Se The acrylic and styrene plastics used in this study 
mittee for Aeronautics; the he nd members of its staff isgrate- | are amorphous high polymers. In these materials 
2 Figures in brackets indicate the ire references at the end of thispaper. | the total response to an applied stress contains three 
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components. These are the instantaneous elasticity, 
retarded configurational elasticity, and flow. 
the stress is removed there results an instantaneous 
recovery of the deformation due to the first com- 
ponent and a slower recovery from the second. De- 
formation due to flow is not recovered. These ele- 
ments in the viscoelastic behavior of the polymer 
can be related to observed microstructural charac- 
teristics of crazed surfaces. It also aids in categoriz- 
ing the mechanisms responsible for changes in the 
cracks and their associated deformations on exposure 
to elevated temperature or stress. 


2. Materials 


Specimens of cast commercial polymethyl meth- 
acrvlate were the ones chiefly used in this investiga- 
tion. Both the general-purpose and heat-resistant 
grades were studied. The sheets of cast polystyrene 
were also of commercial origin. The cast polymethyl! 
alpha-chloroacrylate was experimental polymer. 

Samples of acrylic laminate were also examined. 
The two outer layers of this laminate consisted of 
polymethyl methacrylate and the interlayer was 
plasticized polyvinyl butyral. The inner face of the 
acrylic outerlayer was examined. 


3. Methods 


3.1. Preparation of Crazed Specimens 


The standard tensile specimens used were type I 
specimens described in Method 1011 of Federal 
Specification L-P-406b [11 The specimens were 
stress-crazed by tensile loading in a hydraulic uni- 
versal testing machine with the rate ‘of head separa- 
tion at 0.05 in./min. In some cases, the specimens 
were loaded until crazing occurred and then the load 
was released, whereas in other the load was 
applied until failure occurred. 

This same type of specimen was also stress-sol- 
vent crazed. In this case, a sufficiently high load 
was applied and then the surface of the specimen was 
exposed to solvent either by holding a benzene- 
saturated blotter against one face for 10 see or by 
stroking the surface with a small camel’s hair brush 
saturated with solvent. 

Whereas crazing in polymethyl methacrylate 
manifests itself primarily on the surface, in 
polystyrene and cast poly methy! alpha-chloroacry- 
late sheets it is also apparent throughout the matrix. 
In the two latter materials, the interior craze cracks 
appear to be associated with impurities. However, 
the surface craze cracks of these two materials were 
similar in shape and orientation to those observed 
in polymethyl methacrylate. 

Flow lines were observed in some crazed specimens 
of polymethyl methacrylate, emanating from the 
ends of craze cracks. These flow lines were observed 
afte r the craze cracks appeared, and formed at angle 
of 35° to 45° to the cracks. The craze cracks did not 
mmpent to grow after the flow lines appeared. 


causes 


casi 
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Tapered tensile specimens which had been stress. 
When | solvent-crazed for use in another investigation were 


also examined. ‘These specimens tapered in width 
from 0.500 to 0.333 in. over a 3-in. reduced section. 
The methods of crazing were the same as _ those 
described in the previous paragraph. 

Solvent-crazed surfaces were also prepared by 
placing 2-in. squares cut from cast sheets of poly- 
methyl methacrvlate in boiling water for 2 of 3 
min and then exposing them to monomeric methyl 
methacrylate until they were visibly crazed. 

Flexural specimens were statically as 
cantilevers to produce crazing. 


stressed 


3.2. Preparation of Surfaces for Interferometric 


Studies 


Exposed surfaces of the plastic sheets quickly 
accumulated a film of dust particles from the sur- 
rounding air. These particles were thoroughly 
removed to facilitate the microscopic examination 
and permit the deposition of suitable metallic films 
on those specimens used for multiple-beam_ inter- 
ferome try. Cleansing was carried on with extreme 
caution, as even gentle wiping with commercial 
cellulose tissues or with absorbent cotton was suf- 
ficient to produce surface marks that could be de- 
tected microscopically. Immersion in a stream of 
tap water followed by blotting with a good grade of 
lens tissue caused little apparent surface degradation. 
Such a procedure, however, is not adequate for re- 
moving all detritus, and foreign were con- 
stantly encountered during the examinations. 

The glass optical flats and other reference surfaces 
were handled by washing in soap and water and dry- 
ing with lens tissue or boiled cotton or linen cloths. 
Old silver coatings were removed with a 30-percent 
solution of hydrogen peroxide. 


bodie a) 


The cleansed specimens and reference surfaces for 
multiple-beam interferometric studies were then 
placed in a metal evaporator. <A film of silver was 
deposited on the crazed and uncrazed surfaces to be 
examined and on the optical or other glass surface 
to be used as the reference flat. 

Plastic specimens on which the fringes were ob- 
served in transmission were coated with a laver of 
silver 400 to 500 A in thickness. Such films approach 
a reflectivity of 90 percent. Tolansky [9] presents 
considerable detail of the technique for evaporating 
a layer of the proper thickness and_ reflectivity. 
The films applied to these specimens were formed 
in a vacuum of 1107 mm He or better. The 
heated tungsten filament was held at least 20 em 
from the plastic to avoid overheating the specimen. 
A film of the desired thickness range was a deep 
blue color when viewed in transmission. With 
experience it was possible to make a visual estimate 
of the film thickness by and transmission. 
Observing the image of a small piece of white paper 
placed beneath the specimen also assisted in evaluat- 
ing the laver of metal during its deposition. The 
extinction of the image can be used as the end point. 
Alternately, a measured amount of silver computed 
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to be sufficient to produce a film of the desired thick- 
ness at the distance of the specimen from the fila- 
ment can be evaporated in its entirety. 

Silver films of the same thickness were evaporated 
on all reference surfaces. 

A laver of silver sufficiently thick to be totally 
reflecting (at least 1000 A) [12] was deposited on 
the plastic surfaces used for multiple-beam inter- 
ferometric studies by reflection. 


3.3. Preparation of Replicas for Electron Microscope 
Studies 


Specimens were prepared by a slight modification 
of a replica technique described by Zworykin and 
Ramberg [13]. Crazed specimens of polymethyl 
methacrylate were placed in a vacuum unit which 
was pumped to 110~! mm of Hg or less. Silver 
was evaporated perpendicularly on the specimens 
from a distance of 20 em. A totally reflecting sur- 
face of silver was obtained (thickness of 1000 A 
or more). The specimens with their evaporated 
coatings were removed from the unit and melted 
paraffin was applied to the edges of the surface 
bearing the silver laver. The coated plastic was 
then placed in an electroplating solution and a 
laver of copper about 0.01 in. thick was deposited 
on the back of the silver film. The solution con- 
tained 4 ¢ of copper sulfate and 0.6 mg of sulfuric 
acid per 20 ml of water. Deposition of the copper 


was accomplished with 0.1 to 0.2 amp/in.*, but 
this value can be varied over wide limits. The 
metal laver was then cleanly stripped from the 


plastic specimen The paraffin prevents the elee- 
troplating solution from attacking the evaporated 
film at the and eliminates the right-angle 
fins that tend to grow over the edge of the plastic 
during plating, thus complicating removal of the 
metal. The metal replica was washed in distilled 
water and dried. 

The replicas were shadowed with chromium while 
displaced 4 em vertically and 16 em horizontally 
from the heated filament containing the metal. <A 
thin laver of collodion in amyl acetate (about a LY, 
solution) was flowed the replica, the 
allowed to drain, and the metal replica permitted 
to dry in Then a 25-percent 
by volume) solution of nitric acid was used to dis- 
solve away the copper and silver, leaving a positive 
shadowed The replica was 
washed in changes of distilled water and 
mounted on wire grids. Steps involved in replica- 
tion are shown scbematically In) figure l. 


edges 


ovel eXcess 


a dust-free location. 


replica of collodion. 


sey eral 


3.4. Microscopic Techniques 


For bright-field observations, the crazed specimens 
were examined with a compound microscope equipped 
with 16-mm or 4-mm objectives and a 10 ocular. 
tensile specimens studied with a 
dark-contrast 4-mm phase contrast objective How- 
ever, it was found that the methods of multiple- 
beam interference we ‘e most valuable for determining 
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FicurRe 1. Pre paration of electron microscope specimens, 
vacuum-deposited on the plastic sheet. A thicker layer of copper 
is electrodeposited on the silver. (b) The silver and copper layer is stripped from 
the plastic and shadowed with chromium. Collodion is then flowed over the 
chromium, forming a film replica c) Silver and copper films are removed with 
wid and the chromium shadow is mounted on a supporting grid. 


i) Silver is 


a. Multiple-Beam Interferometry 


(1) Theory. Observations with multiple-beam in- 
terferometry augmented the details revealed by 
transmission microscopy. The interference fringes 
formed in the thin film of air between a reference 
surface (optical flat) and the surface of a plastic 
sheet are governed by the well-known expression 
nx—2t cos Ou, where n is the order of interference 
with a film of thickness ¢, \ the wave length of the 
light used, uw the refractive index of the air layer, 
and @ the angle of light incidence. When fringes 
are formed between unsilvered surfaces, only two 
light beams interfere. The lines of maximum 
intensity in such fringes are often difficult to de- 
termine and precise topographical detail cannot be 
measured. Multiple beams are produced by coating 
the surfaces producing interference with a highly 
reflecting, thin film of silver. The absorption of the 
film is held to the minimum possible at reflecting 
coefficients of 0.7 to 0.9. The successive reflecting 
of the beams between the silvered surfaces is suf- 
ficient to influence the resulting interference. This 
leads to a great increase in precision through sharpen- 
ing of the fringes when all the beams are collected 
at the focus of a lens. The theory of interference 
by multiple beams is discussed in detail by Ditch- 
burn [14] and Tolansky [9]. 

The equivalent positions of the fringes in the 
interferograms mark the loci of points separated by 
the thickness of the interferometer air 
wedge equal to \/2. Throughout this investigation 
\=546 mu. The interferogram, then, is a_ series 
of lines or fringes that reflect the surface contours 
of the specimen surface. When the fringes are 
straight parallel lines, the specimen surface ap- 
proximates the flatness of the reference surface with 
Changes in the distance 


changes in 


which it is compared 
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between these lines are due not only to changes in 
microscopic magnification but are also dependent on 
the wedge angle between specimen and _ reference 
surface. Because the reference surface may be 
considered perfectly plane over the limited areas in 
a single field, all deviations in parallelism or direc- 
tion of the fringes are a measure of the change in 
height of the specimen surface along the length of 
the fringe. Because of the fringe sharpness and the 
known geometric relations between fringe and surface 
contour, the specimen surface contour can often be 
determined with a high degree of accuracy. 

For example, if we consider the interferogram in 
figure 7 and indicate the significant features by 
letters, the method of analysis will be obvious. The 
craze crack, which in this case is not a straight line, 
is indicated by XY. Because the linear distance 
from fringe I to fringe II also represents a change in 
the air wedge height of \/2 or 273 mu, then the surface 
containing point B has risen, or fallen, approximately 
this amount in the distance AB. Similarly, the 
surface containing D has risen (or fallen) approxi- 
mately four-fifths of 273 muy in the distance CD, and 
point F about one-third of 273 muy in the distance 
EF. The fringes, then, vield a contour map of the 
surface topography wherever the fringes are propa- 
gated. In figure 7 it is obvious that the changes in 
surface height occur close to the craze crack itself 
and appear to decrease at the end of the crack 
length. Readjustment of the reference surface and 
the wedge angle will displace or change the fringe 
pattern, permitting the acquisition of more detailed 
information or of measurements at other points on 
the surface. The fringe separation will affect both 
sensitivity and precision of the measurements. 

From the interferogram alone it is impossible to 
determine whether a discontinuity in the surface is 
a height or a depth. This can be ascertained, how- 
ever, by pressing lightly against the plates of the 
interferometer. The fringes in this interferometer 
move in the direction of the thicker part of the air 
wedge. The considerations involved are shown 
schematically in figure 2. Other methods are avail- 





CRACK 


He ight or depth indication 
wedge angle is changed. 


in interferograms when 


Ficure 2. 


If the wedge angle is decreased, the fringes move toward the wedg opening, 
indicating di: ection of decreasing distance between surfaces. This is the dire 
of the arrow, ‘Thus the humps in the fringes are heights 


able and were used for checking the direction of 


surface discontinuities. For example, a step wedos 
consisting of a thin layer of plastic is applied { 
part of the surface. Where the fringes reach fs. 
edge of the film they are deflected in direction by 
the thickness of the pk istic film, thus indie ‘ating the 
direction for a height. Brossel [15] has described 
an extended source method of determining fringe 
direction which is easily applied to the specimens, 

(2) Transmission. Specimens with semireflecting 
films of silver were used. An inverted universal] 
microscope was modified to accept an AH-4 high- 
pressure mercury are lamp in the transmission- 
source housing. ‘The specimen was mounted in the 
microscope as shown in figure 3b. The parallel 
beam from the mercury lamp passes through a 
filter combination (Wratten 55 and Corning didym- 
ium) and enters the interference system, consisting 
of a semireflecting specimen and a semireflecting 
reference surface. The metal films were face to 
face. The microscope was focused on the fringes 
formed between the silvered surfaces of the specimen 
and the reference plate. 
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(b) 
Opti al arrangement for m ultiple -heam inte rfe rence. 


FIGURE 3. 


1), Reflection; (b), transmission. A, Light source; B, condenser; C, slit;4D, 
collimator; E, objective; F, specimen; G, reference surface; H, beam splitter. 


(3) Reflection. Specimens with totally reflecting 
silver films were used. The same universal micro- 
scope was used as*with the transmission method 
described above. However, in this case the high- 
pressure mercury lamp was inserted in the refleetion- 
source housing and the specimen viewed as shown 
in figure 3a. The parallel beam of the lamp was 
filtered, and fell on the interference system of the 
totally reflecting specimen and the partially reflecting 
reference plate from the semireflector. The micro- 
scope was focused on the fringe system between the 
specimen and the reference surface. 
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b. Electron Microscopy 


The electron microscope used was a 50-kv, per- 


manent-magnet table model 


4. Observations and Discussion 


4.1 Dimensions of Craze Cracks 
Manv of the individual cracks in the crazed 
specimens were easily distinguished by bright-field 
microscopy. Cracks observed by this technique are 
shown In the work reported by Russell [5] and others 
(2,3,4]. This does not mean that all cracks, par- 
ticularly those in “blushed” or finely crazed areas, 
ean be well resolved by this method. Chromium- 
shadowed collodion replicas were prepared from the 
surfaces of specimens of polymethyl meth- 
acrviate that had been crazed in short-time tensile 
Specimens were chosen that had exceptionally 
fine eracks in the crazed areas Figure } is an elec- 
tron micrograph of one of these replicas. Despite the 
number of steps involved in its production, these 


cast 


tests. 


replicas prov ide cood resolution. and the cTaze crack 
appears as a height with the evaporated metal piled 


up on the side nearest the filament (black line) and 








= 
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1Op 
Fiat R} j Elect on micrograph of a ¢ ack in a stress-crazed 
face of polymeti methacrylate 
Coll nrepl N { 


the light shadow appearing as a white or gray line. 
It is possible to make some accurate determinations 
of the dimensions from these replicas since the depth 
of the crack is given by the shadow, the maximum 
half-width by the black line of piled-up chromium, 
and the length directly from the impression. The 
craze cracks examined in the electron microscope 
varied in length from 2 to 10 u 

Their widths ranged from 0.10 to 0.25 uw and their 
depths from 0.05 to 0.15 u. In the 
cracks appear to approach dimensions unresolvable 
by the electron microscope. The smallest 
were also much larger than the structure observed 
m the replica substrate. This implies a minimum 
eraze-crack length. One possible interpretation is 
that a certain minimum amount of energy is required 


ho case did 


cracks 


to cause separation of the chain segments leading 
to crazing, and this energy threshold results in a 
minimum crack size. Alternately, there could exist 
a& grain structure analogous to that of metals, which 
determines the threshold crack size. Further studies 
will be made to determine exactly the minimum 
crack size under various conditions. 


4.2. Surface Dislocations Associated With Cracks 


Unerazed plastic surfaces yielded interferograms 
of the type shown in figure 5. Commercial samples 
of polymethyl methacrylate showed seme fine detail 
along the fringes but no gross details other than 
those attributable to contamination or body defor- 
mation, 


























Figure 5. Multiple-beam interferogram of an uncrazed 
surface of commercial cast polymethyl methacrylate. 


Some fine detail is observable along the fringes, and body deformations also 
exert a measurable effect on the over-all fringe pattern. The rounded detail is 
typical and apparently due to a mount of adhesive from the masking paper. 
Source is the 546-my line of a mercury lamp 


Interferograms of crazed surfaces, whether stress- 
crazed, solvent-crazed, or stress-solvent-crazed, ex- 
hibited fundamentally the same surface topography 
in the region of the craze cracks (figs. 6, 7, 8). The 
individual cracks could be seen to occupy an area 
that is displaced from the rest of the surface. This 
displacement appeared to increase with the size of 
the crack. It followed the crack very closely, as can 
be seen in the interferogram of the unoriented solvent- 
produced cracks (fig. 7). 

The surface dislocations caused by the craze cracks 
varied considerably in magnitude, not only from crack 
to crack but along the length of the crack as well. 
Because the fringes can jbe best resolved by very 
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low-powered objectives in the simple technique pre- 
viously described, the very fine cracks are somewhat 
difficult to study quantitatively, but the longer, 
coarser cracks are easily measured. For this reason, 
the stress-solvent-crazed material provides better 
demonstrations of the observations than the stress- 
crazed specimens. 

Dimensions of the details of one of the cracks 
shown in the interferogram in figure 8 are shown 
ee schematically in figure 9. Although, as indicated 

NZ = previously, there is considerable variation, the maxi- 
ad 4 mum change in height for areas around stress-solvent- 
produced cracks was found to be about AX or ap- 
proximately 270 my. For stress-produced craze 
cracks the elevation is much less, apparently only a 
few hundred angstroms. 

By using the techniques previously described, it 
was shown that the area around each crack was ele- 






































x 
vated and not depressed. The phase-contrast milcro- 
) I ile meld scope was also used for this purpose. With a dark- 
d . contrast diffraction plate in the objective, the part 
\ of the specimen having the greater optical path will 
— ——— . 
“4 . on a be darker than the surrounding parts having shorter 
paths. Thus, the crack itself appears bright, and 
Fictre 7 Vultiple-beam interferogram of the face of a the thickening adjacent to it is darker than the sur- 
sheet ot polymethy methacrylate crazed by er posure fy round. 
Sipiie af cA hl . . . > 
ene The behavior of the plastic sheet in forming these 
rhe numerous sharp discontinuitir the fringes mark t the surface discontinuities around each erack can be 
cracks wl the elve re practically ir le Source t 1-1 é ‘ . . . ; 
a mercury lamp simulated in the following experiment with a sheet 
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of rubber A 
ficially notched on one face with a sharp razor blade, 
with 


-in.-thick strip of rubber was super- 


the noteh not extending to the edges, and its 
long axis normal to the major axis of the specimen 
strip When a tensile load sufficient to cause con- 
siderable elongation was applied parallel to the 
specime n’s Mayor AXIS, & raise cl nrea appeared around 
the notch. On releasing the tension the raised area 
subsided When the specimen was observed on the 
unnotched side just opposite the noteh while the 


tension Was applied, if could bye Seen that i CONCAVITN 
The material of the rubber 


formed at this 
strip was apparently pulled up around the lips of 
the the expense of material from the oppo- 
Site The rubber. being 


tion at 


pot 


cri ks at 
Slate above the class transi- 
temperature, recovered on removal of 
the load, there being no delaved elasticity or flow. 
Recovery in the plastic sheets, which were below the 
was slower and incomplete 


room 


glass transition muel 


because of these \ iscoelast tl properties. 


A complete explanation of this phenomenon of 
surface dislocation would require a lengthy and 
highly detailed stress analysis. Qualitatively, it can 
be said that the center axis through the cross sec- 
tion of the specimen is displaced locally by the for- 
mation of a craze crack due to the decrease in thick- 
ness at the point of the crack. The center axis 
moves to realine with the load line, and material on 
either side of the crack is displaced away from the 
center axis. In the case of the rubber sheet, this 
realinement also produces a concavity in the surface 
opposite the notch. However, the concavity ob- 
served on the reverse side of the rubber specimen 
could not be detected in the crazed plastic. Crazing 
is a phenomenon that for practical considerations is 
restricted to a thin surface membrane. Both the 
high modulus of elasticity and the thickness of the 
plastic specimen hinder the formation of the con- 
cavity observed in the rubber strip. 


4.3. Surface Dislocations Under Load 


The typical fringe contour showing a rise in the 
surface in the vicinity of craze cracks can be shown 
to be present while the crazed specimen is still under 
load. A series of observations was made on one 
stress-crazed and one stress-solvent-crazed specimen 
while still under load. Each specimen was clamped 
in a specially designed jig, which could be placed on 
the microscope stage and which would permit the 
application of a load to the specimen by means of a 
bolt at one end. An unmeasured load was applied 
for several months to the stress-crazed specimen. 
The stress-solvent-crazed specimen was under load 
for several weeks prior to the application of solvent 
to the surface. With the specimen still under load, 
the silver film was applied in vacuum and the speci- 
men examined in the interferometer. Under load, 
the contour fringes indicated much the same type of 
displacement as in the other crazed specimens. For 
the stress-solvent-crazed specimen (fig. 10), the 
fringes were somewhat exaggerated when compared 
to specimens solvent-crazed in short-time loading. 
It is doubtful that the increased deformation was 
due to the facet that the specimen was still under 
because on the removal of the load there was 
little, if any, recovery. Increasing the duration of 
the loading increased the size of the surface discon- 
tinuities. It can be seen from figure 10 that there 
are portions of the craze cracks that rise more 
steeply than the remainder, as if the lips of the 
cracks had vielded locally. 


stress, 


4.4. Recovery in Crazed Surfaces 
Some recovery of crazing undoubtedly does occur 
in crazed specimens over long periods of time after 
the stress is removed. Crazed specimens of poly- 
methyl methacrylate that were stored at room tem- 
perature for several months were found to have lost 
all or much of the visual evidence of crazing. On 
microscopic examination some residual evidence of 
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a + i00n” locatio 
imm The 
: ; ; Figure 11. Surface of stress-crazed polymethyl methacrylate. : 
Ficure 10 M ulti ple-be am interferogram of the surface of crazing 
heet f j thul th lat . aod fi ] f f rhe stress was applied normal to the long axis of the cracks. Vertical! lines are . 
A Shee 0 potymeihyt methacrylate crazet yy application 0 the result of wiping the surface with lens tissues tions § 
stress and solvent. i 
. , , , . stress-¢ 
The stress has not been removed. Horizontal lines intersecting the fringes specimens again showed ho evidence of crazing when in”? ‘la 
were caused by abrasion resulting from wiping the surface with lens tissue be : cal. bri . | Rielle \l | : In ek 
Dounce te the Si0-ane Ene of © uasceury lemon | viewed with the bright-field microscope. Multiple- moe 
beam interferometry of the heated portion, however, crazing 
. *. . . . < 4 = 
: revealed surface dislocations similar to those ob- surface 
crazing could be detected. A number of tensile erry 


served on unheated stress-solvent-crazed specimens, 
These dislocations were more rounded and gradual in 
contour and lacked, for the most part, the abrupt dis- 
continuity at the erack (fig. 12). In addition, there 


action. 
and co 
heating 
In v 
bright-field microscope, the sites of the eraze cracks 7 - beam | 
were easily distinguished by multiple-beam_ inter-  gittite. a “d ———— Ce ,_ == 
ferometry. This residual crazing was evidently too oe | could | 
slight to affect the optical properties of the sheet suf- a + toe ae 
ficiently to reveal the crazed condition without the tests d 
aid of optical tools. methyl 
Some further observations on a number of crazed ae — i ee 
plastic specimens that had been heated, indicated arame 


. ‘ . ome ° - . » 
the general aspects of this optical recovery. Tensile ee the loa 
| . ; —_ uncraz 


specimens of various types of commercial polymethy!] 


specimens that had been stress-crazed some months 
earlier were silvered and examined in the multiple- 
beam interferometer. Although these specimens 
appeared uncrazed to the unaided eve and even in the 














methacrylate sheet were stress-crazed in short-time obeery 
tensile tests. One of the halves of each specimen was eS - = 
heated for various periods of time up to 15 hours at — 
150° C in an air-cireulating oven. When examined oe = ‘ 
with the bright-field microscope, the half of the poset 
specimen that was not heated showed the typical | 9 —— | Sa 
cracks oriented with their long axis, normal to the - ; technic 
principal stress (fig. 11). However, the half that had (———— — | 

been heated appeared clear and uncrazed. Multiple- f 

beam interferometry of the heated portion also re- ce Dist 
vealed no indication of the surface dislocations a the sp 


associated with crazing. 


J All of 
Somewhat different results were obtained with ee ne ~ = methac 
ae 


specimens that were crazed by exposure to solvent face pl 
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- while under stress. After crazing, loading was con- Sc ‘.  Btedieded a , wind f face © 
j , ; . P ‘IGURE é Multiple-beam interferogram of the surface 0 
ra ’ Ty ‘Tre ‘ me . " . 2 , 
tinued until failure occurred. Half of ach broken a stress-solvent-crazed specimen of polymethyl methacrylate polym« 
specimen was given the same heat treatment as de- sheet after heating to 150° C. consid 
scribed for the stress-crazed plastic. The heated | source is the 5¢6-mp line of a mercury lamp. not . Oj 
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appeared to be a W idening of the erack itself, forming 
a trough along the crest of the dislocation (ef. fig. 8). 

These experiments indicate that when the crazed 
surface is heated above the glass transition tempera- 
ture, the surface tends to flow. Because the crack is 
changes in optical path of 


largely responsible for the 
the transmitted light, any change eliminating these 
physical discontinuities would improve the optical 
properties of the sheet. The slight and gradual 
thickenings of the sheet caused bv the dislocations 
around the erack would be expected to impair the 
optical properties of the crack in less obvious fashion. 
In the stress-crazed surfaces the flow at 150° C is 
sufficient to erase all evidences of crazing in a rela- 
tively short period of time. At room temperature, 
the recovery is much slower. Stress-solvent craze 
cracks also tend to “recover’’, but the recovery is In- 
The discontinuity of the erack is largelv 
some 


complete. 
obliterated and the sharp edges are rounded. 
relaxation of the edges of the crack also occurs, form- 
Flow is less effeetive in 


ing the trough in the crest 
broad dis- 


eradicating the comparatively 
locations surrounding the crack. 

The difference In) behavior for the two types of 
crazing 1s probably due to the nature of the deforma- 
tions associated with type. In the ease of 
stress-crazing in short-time tensile tests, a “‘frozen- 
in” elastic deformation is apparently involved, which 
would be completely recoverable. In stress-solvent 
crazing, however, considerable flow, at or near the 
surface, probably occurs, due to the plasticizing 
action of the solvent. This deformation is permanent 
and complete recovery is not observed as a result of 


surtace 


each 


heating. 

In view of the great sensitivity of the multiple- 
beam technique in revealing evidence of crazing, exX- 
periments were conducted to determine if crazing 
could be detected by this method prior to its observa- 
tion by the unaided eve In the standard tensile 
tests described previously, specimens of cast poly- 
methyl methaervlate crazed at strains of slightly 
more than 3 percent Tensile specimens were 
strained, therefore, to only 1, 2, and 3 percent, and 
the load removed. These specimens, which appeared 
uncrazed to the eve, exhibited no craze cracks when 
observed by multiple-beam interferometry and phase 
or bright-field microscopy. Similarly, unstressed 
polymethyl methacrylate sheet showed no crazing 
when examined by these sensitive techniques. These 
results indicate that the observation of the onset of 
crazing by the adequately sensitive 
technique, 


eve Is an 


4.5. Loci of Craze Cracks 


Distribution of the cracks across the section of 
the specimens differed with the polymer involved. 
All of the craze observed in polymethy! 
methacrylate involved the surface, that is, the sur- 
face plane intersected the cracks. While some sur- 
face crazing was observed in polystyrene and in 


cracks 


polymethyl alpha-chloroacrylate, there was also 
considerable internal crazing, i. e., cracks that did 
not _open on the surface. However, the surface 


craze cracks of the polystyrene and the polymethyl 
alpha-chloroacrylate were similar in shape to those 
of polymethyl methacrylate. 

Internal cracks in the polystyrene specimens were 
distributed fairly homogeneously throughout the 
section. Cracks would occur in groups of two or 
more, and in most instances the group was associated 
with a visible particle of foreign matter (fig. 13). It 
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10om 


FicurRE 13 


crack associated with a visible inhomogeneity 


Crazing in polystyrene. 


A single craze 


would appear that internal crazing appeared in the 
polystyrene specimens at physical discontinuities, 
such as fragments of impurities, which were visible, 
or minute areas of inhomogeneities, which were not 
visible. 

Crazing in the polymethyl alpha-chloroacrylate 
was mainly restricted to the center of the specimen 
section. Just under each cast surface was a clear 
section containing few, if any, cracks as shown in 
figure 14. When viewed with a microscope equipped 
with a double diaphragm [16], the cracks could be 





—0n 7 


razing in polymethyl alpha-chloroacrylate. 


Ficure 14 ( 


Che cast surface of the specimen is at the top of the photograph; the interior of 
the specimen is viewed through a machined and polished edge of the specimen, 


Note the clear area immediately adjacent to the edge 
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seen to be areas of much lower index than the sur- 
rounding matrix. This would indicate that the 
cracks may be voids in the resin. 

It is interesting to observe that the crazed speci- 
mens of polymethyl alpha-chloroacrylate, with a 
clear area near each surface, bear a striking resem- 
blance to specimens of polymethyl methacrylate 
that had been subjected to atomic radiation in a pile 
and heated [17]. In the latter case, bubbles were 
formed in the interior of the specimens with a clear 
section extending inwards approximately 1 mm from 
all external surfaces. The authors explained that 
the bubbles in the interior of the material are due to 
gases that are evolved in the degradation of poly- 
methyl methacrylate by irradiation. Bubbles do 
not occur near the surface because the gases produced 
there can escape. 


4.6. Flow Associated With Cracks 


During the studies of crazed surfaces with the 
optical microscope, a network of diagonal lines which 
appeared to emanate from the ends of craze cracks 
was observed in some stress-crazed tensile specimens 
of polymethyl methacrylate. The lines are more 
“asily seen and photographed if the microscope is 
focused below the surface of the specimen (fig. 15 
The lines were not observed on all crazed specimens 
of polymethyl methacrylate, even though the eondi- 
tions of crazing were duplicated in replicate speci- 
mens. The angle between the trace of these flow 
lines on the surface and the craze cracks was some- 
what variable. Values from about 35° to 45° were 
obtained on different specimens (fig. 15). Flow lines 
were also noted in one of the crazed specimens which 
had apparently “recovered” when examined without 
optical aids. 





Fiat RE 15. Surface of a. stress- razed tensile Specimen of 
pol ymethyl methacrylate. 
The image has been slightly defocused to emphasize the flow lines at 
the cracks 





An optical microscope with approximately 109 
magnification was set up in a horizontal position ona 
hvdraulie testing machine to permit the observation 
of tensile specimens during the application of load, 
The relation between the appearance of craze cracks 
and flow lines could thus be observed. Of a number 
of specimens observed in this manner, only three 
exhibited flow lines. Two of these three specimens 
broke at strains of approximately 20 percent, which 
is higher than the usual average strain for this ma. 
terial. The other specimen broke at the usual ayer. 
age value, which is about 9 percent. The specimens 
crazed at strains of approximately 3 percent as 
observed in previous tests. The flow lines were 
first observed at strains of 8 to 10 percent. The 
lines clearly originated at the ends of craze cracks, 
forming an X-figure at each end. It was observed 
that many of the flow lines passed through the ends 
of several cracks. The growth of craze cracks was 
not observed after the appearance of the flow mark- 
ings. This would seem to indicate that crazing may 
be the mechanism of relaxation in these 
particular cases up to a point, bevond which surface 
flow becomes the relaxation mechanism. 

The network of flow lines noted in the bright-field 
microscope and show nin figure 15 can also be studied 
to advantage with multiple-beam interferometry, 
When the reference surface and the specimen surface 
are made as parallel as possible and the filters re- 
moved, high dispersion fringes result. For parallel 
plates, Fizeau fringes vield a uniform tint of given 
intensity. Local changes in plate separation pro- 
duce changes in intensity. In the specimen in 
figure 16 there were residual angles due to surface 
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FiGure 16 I nterfe ogram of a surjace of polyme thul metha- 
crulate shou ing lou at crack nuclet as ndicated hy change 8 
in tntensity. 

Che reference plate and specimen are nearly parallel he flow lines are visible 
r 308 lhe broad fringe is a result of body deformation of the pecimen, 
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over much of the area shown in the 


but 
photomicrograph, the flow lines are clearly visible as 


features, 


changes in intensity. Tolansky |9] has shown that 
for a given phase lag and reflectivity a 10-percent 
change in intensity is equal to 3 A. Although quan- 
titative interpretation of this order would require 
precise densitometric determinations, which were not 
attempted in this study, it is obvious that this 
technique provides a powerful tool for the study of 
However, 
even a superficial examination revealed that these 
flow lines involved the surface and permitted a rough 
approximation of their height above the surface of 


plastic surfaces and of surface structures. 


the order of 25 to 50 mu. 

Similar flow lines were obser \ ed on the surfaces of 
biaxially stretched acrylic plastic sheet that had been 
stressed to failure without crazing. In this case, the 
nuclet consisted of bits of adhesive from the masking 
paper (fig. 17 Surfaces that 
tive to the presence of contaminants, such as ad- 
hesive, because the most severe crazing and opening 
up of the cracks is often associated with aggregations 
of adhesive (fig. 18 

Nadai [18] has shown that flow lines (Luder’s lines) 
are produced by notches or holes. At a sharp reen- 
trant edge the stresses are theoretically infinite, and 
local vielding in the neighborhood of such discon- 
tinuities may result. The resemblance of the flow 
lines in metal and paraffin specimens illustrated by 
Nadai bear a marked resemblance to the lines noted 
in the crazed polymethyl methacrylate tensile speci- 
mens. Inthe case of the uncrazed stretched material 
shown in figure 17, if the drop of adhesive on the 
surface is considered as forming a small round area 


craze are also sensi- 
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Figure 18 of a sheet of polymethyl 
methacrylate showing severity of crazing associated with sur- 


Stress-crazed surface 


face contamination by adhesive. 


or a small circular hole in the surface film of the sheet, 
it is also possible to assume a mechanism for the 
development of the flow lines in these specimens. 
For a small hole in a wide plate the tensile stress 
distribution is well known [19]. Further, the effect 
of stress concentration is not uniformly distributed 
around the hole but starts at two points on the bound- 
ary of the hole and progresses along a cross-shaped 
area. From Nadai’s exposition it is shown that these 
two points are the location of peaks of the maximum 
shear stress on the hole boundary at @=27/2 and 
3/2 and located in a plane perpendicular to the 
direction of the applied tension. Because this pri- 
mary yielding is very much localized, it is rarely seen, 
but as the tensile stress is increased, vielding spreads 
and soon progresses along two lines symmetrically 
oriented to the direction of the tensile stress and at 
an angle of about 45° with it. The contour lines of 
the maximum shearing stresses can be checked by 
Angles of lines observed in 


photoelast ic techniques. 
with 


the crazed specimens are in fair agreement 
those indicated. 

In the case of a notch (such as the crazing crack 
in the surface plane) subjected to tension, much the 
same result is obtained [18]. F. van Iterson [20] has 
analyzed the stress situation in a hairline crack 
across a small part of the section by means of the 
plastic sector. The solution is also in agreement 
with the observed angles of the crazing cracks. 


The authors acknowledge the assistance of Samuel 
Levy and Charles Proffer Saylor in the course of 
this work. 
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